Procedural benchmarks for common fabrication details in plate/shell structures by Wood, Jim
Strathprints Institutional Repository
Wood, J. (2004) Procedural benchmarks for common fabrication details in plate/shell structures. In:
FENET Multi-physics and Analysis Workshop, 2004-03-25, Mallorca, Spain.
Strathprints is designed to allow users to access the research output of the University of Strathclyde.
Copyright c© and Moral Rights for the papers on this site are retained by the individual authors
and/or other copyright owners. You may not engage in further distribution of the material for any
profitmaking activities or any commercial gain. You may freely distribute both the url (http://
strathprints.strath.ac.uk/) and the content of this paper for research or study, educational, or
not-for-profit purposes without prior permission or charge.
Any correspondence concerning this service should be sent to Strathprints administrator:
mailto:strathprints@strath.ac.uk
http://strathprints.strath.ac.uk/
 
 
Wood, J.* (2004) Procedural Benchmarks for Common Fabrication Details in Plate/Shell Structures. 
In: FENET Multi-physics and Analysis Workshop, 25 March 2004, Mallorca, Spain.
 
 
 
 
 
http://eprints.cdlr.strath.ac.uk/6351/
 
 
 
 
 
 
 
Strathprints is designed to allow users to access the research output of the University 
of Strathclyde. Copyright © and Moral Rights for the papers on this site are retained 
by the individual authors and/or other copyright owners. You may not engage in 
further distribution of the material for any profitmaking activities or any commercial 
gain. You may freely distribute both the url (http://eprints.cdlr.strath.ac.uk) and the 
content of this paper for research or study, educational, or not-for-profit purposes 
without prior permission or charge. You may freely distribute the url 
(http://eprints.cdlr.strath.ac.uk) of the Strathprints website. 
 
Any correspondence concerning this service should be sent to The 
Strathprints Administrator: eprints@cis.strath.ac.uk 
 
     
FENET THEMATIC NETWORK     
COMPETITIVE AND SUSTAINABLE GROWTH 
 (GROWTH) PROGRAMME  
 
 
 
 
 
 
Procedural Benchmarks for Common Fabrication Details in Plate/Shell 
Structures 
Education and Dissemination 
Phase 2 Workshop Report 
Work Package 5 
 
 
Author: Dr Jim Wood 
 
 
 
 
Reference 
Number 
D5603 
Issue 4 
Date 15th September 2004 
 
Note: This document is best viewed in colour. The pdf version of the document contains low 
resolution graphics and has a file size of approximately 2Mb. A version of the document 
containing high resolution graphics may be downloaded from the FENET web-site 
(http://www.fe-net.org/). The high resolution  file size is approximately 30Mb. 
PDF created with pdfFactory trial version www.software-partners.co.uk
     
FENET THEMATIC NETWORK     
COMPETITIVE AND SUSTAINABLE GROWTH 
 (GROWTH) PROGRAMME  
 
Document History & Change Control Record 
 
Issue Date Description or Change Summary 
1 2nd August 
2004 
Phase 2 Workshop Report: D5603 
Draft to be discussed with main project 
coordinators. 
2 
 
10th August 
2004 
Phase 2 Workshop Report: D5603 
JS modifications included.  
3 9
th 
September 
2004 
Phase 2 Workshop Report: D5603 
Further modifications included (JW and DC). 
  
4 15
th 
September 
2004 
Phase 2 Workshop Report: D5603 
Corrections to Figs 4.13,  4.14 and 4.15. 
 
 
PDF created with pdfFactory trial version www.software-partners.co.uk
     
FENET THEMATIC NETWORK     
COMPETITIVE AND SUSTAINABLE GROWTH 
 (GROWTH) PROGRAMME 3 
 
TABLE OF CONTENTS 
 
         Page 
 
Executive Summary         4 
 
1. Introduction         5 
 
 1.1 Barcelona Workshop 
 1.2 Noordwijk Workshop 
 1.3 Palma Workshop 
 
2. Procedural Benchmark Specifications     6 
 
3. Observations from ‘Round-Robin’ Exercise     20 
 
4. Procedural Solutions for Benchmark E&D1     22 
  
4.1 The Models 
 4.2 Results and Discussion 
 4.3 Assessment 
  4.3.1 Non Code-based 
  4.3.2 IIW Guidelines 
  4.3.3 BS7608 
  4.3.4 PD5500 
 
5. Procedural Solutions for Benchmark E&D2     36 
  
5.1 The Models 
 5.2 Results and Discussion 
 5.3 Assessment 
  5.3.1 Non Code-based 
 
6. Procedural Solutions for Benchmark E&D3     46 
  
6.1 The Models 
 6.2 Results and Discussion 
 6.3 Assessment 
  6.3.1 Non Code-based 
 
 
References          52 
 
Appendix 1  Modelling Techniques for Welds    54 
 
Appendix 2  Some Observations on Shell Intersections   69 
 
Appendix 3  ‘Round-Robin’ Spreadsheets     72 
 
Appendix 4  Weld Throat Linearization Report for Benchmark E&D1 85 
 
PDF created with pdfFactory trial version www.software-partners.co.uk
     
FENET THEMATIC NETWORK     
COMPETITIVE AND SUSTAINABLE GROWTH 
 (GROWTH) PROGRAMME 4 
 
Executive Summary: 
 
This report, presents outcomes from the Education and Dissemination Workshops held at Noordwijk 
and Palma on October 2003 and March 2004 respectively. The results from a ‘round-robin’ exercise, 
completed as part of this activity, are also documented. 
 
These workshops and the ‘round-robin’, examined the procedures used in various industry sectors for 
the modelling and assessment of common fabrication details in plate/shell construction. The primary 
aim of this exercise was to examine “best practice” in modelling and assessing such detail (with 
general shell elements) and to disseminate this to the FENET membership and beyond. However, the 
‘round-robin’ was seem as an excellent opportunity to examine such practice and to observe resulting 
educational and quality assurance related issues. 
 
It was anticipated that the unique forum provided by FENET would provide an excellent basis for these 
studies. 
 
As part of this work package, three ‘procedural benchmarks’ were developed to reflect some of the 
modelling issues relevant to fabricated structures. These benchmarks and selected reference 
solutions, will provide a worthwhile educational resource. The benchmarks also formed the basis of 
the ‘round robin’ exercise. While the benchmarks have many of the characteristics of traditional 
benchmarks, they differ in that they are designed to focus on some of the modelling issues that 
analysts are faced with and the various procedures adopted in the analysis and assessment process. 
 
Section 1 of the report provides a brief overview of the various workshops involved in this study, as 
well as some background to the topic area. The specifications for the Procedural Benchmarks and 
pro-forma results forms are presented in section 2. These should provide a useful reference for any 
organisation intending to use them as part of, say, a staff development programme. Observations from 
the ‘round robin’ are included in section 3 and these detail some surprising results. In the first two 
benchmarks about half of the respondents provided results which suggested that they had made 
modelling errors. In the third example, only two out of ten respondents realised that this is a nonlinear 
geometric problem. Whilst some contributions were no-doubt completed under time pressure, it can be 
argued that this is a reflection of the everyday industrial environment for many engineers. The 
resulting levels of human error and lack of results checking, for what some might regard as simple 
case studies, must be of wider interest and concern. The general spread of results arising from the 
different modelling and assessment strategies should also be of interest. The outcomes certainly 
confirm the ongoing role that organisations such as NAFEMS have, in ensuring quality and promoting 
the education and development of analysts and engineers. Hopefully the educational and quality 
implications from the study will provide some impetus to general activity in this area. It is interesting to 
reflect on the fact that the same exercise and same general conclusions, could probably have been 
made 30 years ago. 
 
Selected reference solutions for the benchmarks are presented in sections 4-6 and these include an 
examination of the main issues identified in the benchmarks. The main issues selected for 
examination were: 
· The modelling and assessment of intersections; 
· The modelling of reinforcement plates; 
· The modelling of offset shell midsurfaces. 
All of the details include welds and the modelling and fatigue assessment of these are obviously an 
integral part of the whole exercise. Assessment of the results from the benchmarks was made 
according to various industry standards and this is also reported. 
 
The appendices to this report, provides some useful background reference material on the modelling 
of welds and also some interesting observations on the modelling of plate/shell intersections. 
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1. Introduction 
 
Plate and shell construction is common across many industrial sectors and covers components and 
structures that range from the rather mundane to safety-critical. It is of-course recognised that what 
may be regarded as mundane in one sector, may in fact be the “life-blood” of some small to medium 
enterprise (SME) for example. The details used in plate/shell structures, in any industry sector, are no 
doubt a reflection of tradition, as well as market forces. As a result, full penetration butt-welds will be 
more common in the nuclear industry, while fillet weld details will be common in many every-day 
structures and components, ranging from waste disposal vehicles to wind turbines. The aim of this 
exercise is not to try to promote higher quality (and invariably higher cost) detail, across the FENET 
industry sectors, but to recognise the details in common use and to try to agree “best practice” in 
modelling and assessing such detail. 
 
As finite element technology has moved from the so-called “right-first-time” sectors into general 
industry, today’s powerful analysis and simulation technology is being adopted by more and more 
organisations, including SMEs, which generally do not have an “analysis tradition”. Furthermore, if one 
reflects that undergraduate coverage of plate theory is often limited and that even an introduction to 
shell analysis generally falls into the postgraduate educational domain, the challenges facing such 
organisations in this area are not insignificant. It is also argued that many of the details commonly 
found in fabricated plate/shell structures are not subjected to widely recognised and commonly 
accepted cross-industry analysis procedures, even in those industries with an analysis tradition.  
 
It was concluded therefore that an examination of the modelling and assessment issues surrounding 
such details, across the FENET industry sectors, would be a timely and worthwhile exercise. 
 
The primary aim of the exercise was to examine the procedures used in the various FENET industry 
sectors, for the “routine” modelling and assessment of common fabrication details in plate/shell 
construction. In order to provide a general focus it was suggested that, in the first instance, attention 
be given to procedures appropriate to a design environment, as opposed to say assessment as a 
result of in-service failure, where it might not be uncommon for a higher degree of complexity to be 
employed in the idealisation process. It was also recognised that the degree of analysis 
“sophistication” employed at the design stage may vary greatly across sectors. However, the 
philosophy was adopted that the aim of this exercise would not be to present the most comprehensive 
analysis possible of each detail, but rather to use simple procedures, sufficient for the determination of 
preliminary scantlings and to highlight the issues involved in such approaches. More sophisticated 
models might, of course, prove useful as a reference, in highlighting the limitations of simpler 
approaches. 
 
It was anticipated that the unique forum provided by FENET would provide a good basis for 
establishing and disseminating “best practice”, in this area of wide applicability. 
 
1.1 Barcelona Workshop 
 
The original concept for the development of procedural benchmarks in the modeling of plate/shell 
fabrication detail was presented to the membership at the DLE parallel session on the Finite Element 
Modelling of Welds and Joints, held at the Barcelona workshop on the 27th-28th February 2003. A copy 
of the original presentation made may be viewed on the FENET web-site at http://www.fe-net.org/. 
 
It was agreed that this area should form the basis of the next pair of Education and Dissemination 
workshops. 
 
1.2 Noordwijk Workshop 
 
Following on from the Barcelona workshop, where the basic idea for some procedural benchmarks 
was briefly presented, the main Education and Dissemination Plenary Workshop, held in Noordwijk 
from the 9th-10th October 2003, considered possible issues in more depth. The workshop commenced 
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with some brief scene-setting delegate presentations from the pressure-vessel, marine and land-
transport areas. The material associated with these presentations may also be viewed at 
http://www.fe-net.org/. Following on from these presentations, directed group activity considered 
further matters arising and the selection of a few areas for development. 
 
1.3 Palma Workshop 
 
After the Noordwijk workshop, the selected areas were developed into detailed procedural 
benchmarks and these were then issued to the membership along with pro-forma results sheets for 
reporting purposes. Members were invited to participate in a ‘round-robin’ exercise, based on these 
benchmarks, which required them to use industry standard modelling and assessment practices from 
their particular sector. The various results from the exercise were then discussed at an Education and 
Dissemination parallel session during the workshop held in Palma 25th-26th March 2004. Although 
there were no formal presentations held at this event, the tabulated results from the ‘round-robin’ and 
material used by the chairman to stimulate discussion are available for viewing on the FENET web-site 
at http://www.fe-net.org/. The workshop was attended by 11 delegates (not all were participants in the 
‘round-robin’) and 4 hours of interesting discussions ensued. The benchmarks developed and the 
outcomes from the ‘round-robin’ are presented in the following sections. 
 
 
2. Procedural Benchmark Specifications 
 
At the outset, the following “characteristics” were suggested as being desirable for the definition of 
procedural benchmarks: 
 
1. The problem definition should be as simple as possible, whilst still capturing the essence of the 
modelling and assessment challenges. 
2. The problem, as posed, should be as relevant to as many industry sectors as possible, without 
compromising the essence of the modelling and assessment challenges. 
3. The benchmarks developed should embrace the most common and relevant element types. The 
assessment should address both static strength and fatigue. 
4. The problems posed should avoid the need for explicit modelling of material non-linearity, 
although reference could be made to more rigorous modelling and analysis scenarios for 
comparative purposes. 
5. Given that the modelling approach adopted is invariably linked to the purpose of the analysis, 
which in many cases is inherently linked to Codes of Practice and allowables therein, it was 
recognized that the benchmarks should therefore make reference to the form of structural 
assessment being used. 
6. The benchmarks should specify solution quantities that could in turn be used in various 
assessment strategies. Simple “check” values, that may not be part of any engineering 
assessment, would also be useful for comparing solutions. 
 
Models with plate/shell elements will obviously reflect the approximations and assumptions associated 
with the various plate/shell theories, including mid-surface representation of geometry, linear through-
thickness stress and others, dependent upon the plate/shell theory inherent in the element 
formulation. 
 
Many of the challenges presented by plate/shell structural detail, will fall into one or more of the 
following categories: 
 
(a) Intersections with continuous mid-surfaces (with or without a discontinuity in the plate/shell 
thickness). 
(b) Intersections with discontinuous mid-surfaces (with or without a discontinuity in the plate/shell 
thickness). 
(c) Over-laid plate/shell construction, which presents an indeterminate degree of through-
thickness connectivity and resulting bending stiffness. This detail also invariably results in an off-
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set midsurface. Such construction detail is commonly used in an attempt to reduce local stresses 
or spread load, although a lap-joint, which also falls into this category, is simply used as a basic 
means of connection. 
(d) Connections using bolts or welds have long been recognised as presenting particular 
challenges to routine finite element analysis. In addition to the need to represent the joint stiffness 
and perhaps local stress distribution accurately, clearly the correct sizing of the bolts and welds 
themselves is also an important part of the overall process. 
(e) The transition of geometry from an area that may be considered from a “mechanics of 
materials” viewpoint as being “thin” to one that may be regarded as “thick” or even “three-
dimensional” also presents modelling challenges. There are, of-course, various ways of 
connecting shell elements to brick elements and many of these are now automated in today’s 
analysis systems. What is sometimes not so apparent, is how these element connections affect 
local stresses and stiffness. 
(f) Stiffened plate/shells using structural sections are common in industry. Predicting the correct 
structural behaviour, particularly when using combinations of beams and plate/shell elements, can 
be a significant challenge to the analyst. 
 
It was also noted that many of the above challenges may also have more significance to some 
analysis types (e.g. buckling) than others.  
 
The above issues provided a backdrop to the discussions that led to the selection and development of 
the following procedural benchmark specification sheets and results templates, presented in the 
following pages. As mentioned previously, these specifications in turn formed the basis of the ‘round-
robin’ exercise discussed in the following section. 
 
It should be noted that the modelling issues addressed by these benchmarks are applicable to a wider 
range of industries than those simply involved in fabricating 10mm thick steel plate. 
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Number: 
FENET_E&D1 
 
Title:  
Shell Intersection. 
Date:  
10th August 2004 
Statement of Purpose:  
 
The main purpose of this procedural benchmark is to identify the limitations of modelling practices 
currently in use, using plate/shell elements, for adequate representation of the stiffness and stresses in 
large fabrications containing intersections that exhibit a slope discontinuity in shell/plate midsurfaces. 
 
The stresses and deflections in the fabricated detail shown are to be determined using common 
industrial modelling practices. Target solution quantities required for deflection and stresses have been 
specified. However, you should feel free to determine and use any additional result quantity at any 
location in the model, which would enable determination of the margins against static failure and fatigue. 
Please use any elastic failure criteria appropriate to your industry sector, to establish such margins. 
 
Geometry: 
 
 
R1 = 650 mm; R2 = 1000 mm 
H = 300 mm; t1 = 20mm 
t2 = 15 mm; L = 15mm (leg length) 
Neglect self-weight; 45 degree full penetration fillet 
 
Analysis Type(s):  
 
Linear material, static, small displacement. 
 
Material: 
 
EN10025 S355 JR steel (old BS 4360 Grade 
50B) in the as-rolled, as-welded condition. 
Young’s Modulus = 200000 N/mm2; Poisson’s 
Ratio = 0.3; Minimum Yield Strength = 355 
N/mm2 for t<16mm (345 for 16<t<40); Fatigue 
strength (stress range) for plain plate = 280 
N/mm2 with a 2.3% (2SD) probability of failure. 
Tensile Strength 560 N/mm2. 
 
Loading:  
 
Internal pressure P = 0.2 N/mm2 @ 2x10e6 cycles  
(0 … P … 0). 
Boundary Conditions:  
 
See figure above. 
 
 
 
 
PROCEDURAL BENCHMARK 
DEFINITION Page 1 of 2 
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Target Solution Quantities Required for Comparison:  
 
Deflections and principal stresses at points 1, 2 and 3; Principal stress distributions through the 
thickness at sections s1 and s2.  
 
Indicate also: Elastic stress(es) to be used for assessment of static failure margin(s) and “Hot-spot” 
stress(es) for fatigue assessment. 
 
(For final comparative purposes, please provide deflections in “mm” and stresses in “N/mm2” to 1 
decimal place or 2 for values less than unity). 
 
 
Idealisations:  
 
Although the structure is 2D, the intention is that it should be representative of large general plate/shell 
fabrications. With this in mind, idealisations using general 3D plate/shell elements are required. 3D 
solids (if commonly used in say a “nested” modelling strategy for large structures) would also be 
welcome for comparative purposes. 
 
Results for axisymmetric shell models and 2D solid of revolution models will also be useful for 
comparative purposes. 
 
 
 
Further Considerations: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Useful references: 
 
1. SJ Maddox. Fatigue Strength of Welded Structures, Woodhead Publishing, Second Edition, ISBN 1 
85573 013 8, 1991. 
PROCEDURAL BENCHMARK 
DEFINITION 
Page 2 of 2 
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Number: 
FENET_E&D1 
 
Title:  
Shell Intersection. 
e-mail Address of Person Submitting: (Note … identities of people and 
organisations will not be disclosed. This information is required in case 
communication is necessary) 
 
 
Date: 
Idealisation: (Use multiple results sheets for each idealisation if required) 
 
 
 
 
Mesh Used: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
System and Element(s) Used: 
 
 
 
 
 
 
 
Assumptions and Approximations (including statement of significance): 
 
PROCEDURAL BENCHMARK 
RESULTS 
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Results for Comparative Target Solution Quantities: 
 
 
 
 
 
Additional FE Results used for Engineering Assessment: 
 
 
 
 
 
 
Relevant Codes of Practice, Industry Standard and/or Statement of Assessment Criteria: 
 
 
 
 
 
 
Description of Results Post-processing (where relevant): 
 
 
 
 
 
 
 
 
 
 
 
Engineering Conclusion(s): 
 
1. Is the detail fit for purpose for static strength (Y/N) and fatigue (Y/N)? 
2. Would this detail be allowed under any Codes of Practice prevalent in your industry sector (state 
which sector and Code)? 
Y/N 
Sector: 
Code of Practice: 
 
 
 
 
 
 
PROCEDURAL BENCHMARK 
RESULTS 
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Number: 
FENET_E&D2 
 
Title:  
Reinforcing Plate 
Date:  
10th August 2004 
Statement of Purpose:  
 
The main purpose of this procedural benchmark is to identify the limitations of modelling practices 
currently in use, using plate/shell elements, for adequate representation of the stiffness and stresses in 
large fabrications containing reinforcing (wrapper, compensation, spreader) plate detail. 
 
The stresses and deflections in the fabricated detail shown are to be determined using common 
industrial modelling practices. Target solution quantities required for deflection and stresses have been 
specified. However, you should feel free to determine and use any additional result quantity at any 
location in the model, which would enable determination of the margins against static failure and fatigue. 
Please use any elastic failure criteria appropriate to your industry sector, to establish such margins. 
 
Geometry: 
 
R1 = 50 mm; R2 = 1000 mm 
t = 15mm; L = 15.1mm (leg length) 
45 degree fillet 
Neglect self-weight 
 
Analysis Type(s):  
 
Linear material, static, small displacement. 
 
Material: 
 
EN10025 S355 JR steel (old BS 4360 Grade 
50B) in the as-rolled, as-welded condition. 
Young’s Modulus = 200000 N/mm2; Poisson’s 
Ratio = 0.3; Minimum Yield Strength = 355 
N/mm2 for t<16mm (345 for 16<t<40); Fatigue 
strength (stress range) for plain plate = 280 
N/mm2 with a 2.3% (2SD) probability of failure. 
Tensile Strength 560 N/mm2. 
 
Loading:  
 
Load case 1: pressure P = +2.5 N/mm2 @ 2x10e6 
cycles (i.e. upwards 0 … +P … 0) 
Load case 2: pressure P = -2.5 N/mm2 @ 2x10e6 
cycles (i.e. downwards 0 … -P … 0) 
 
 
Boundary Conditions:  
 
See figure above. 
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Target Solution Quantities Required for Comparison:  
 
Deflections at points 1,2 and 3; Hoop and Radial stresses at points 1, 2 and 3; Hoop and Radial stress 
distributions through the thickness at sections s1 and s2. Contact radius. 
 
Indicate also: Elastic stress(es) to be used for assessment of static failure margin(s) and “Hot-spot” 
stress(es) for fatigue assessment. 
 
(For final comparative purposes, please provide deflections in “mm” and stresses in “N/mm2” to 1 
decimal place or 2 for values less than unity). 
 
 
Idealisations:  
 
Although the structure is axisymmetric, the intention is that it should be representative of large general 
plate/shell fabrications. With this in mind, idealisations using general 3D plate/shell elements are 
required. 3D solids (if commonly used in say a “nested” modelling strategy for large structures) would 
also be welcome for comparative purposes. 
 
Results for axisymmetric shell models and 2D solid of revolution models will also be useful for 
comparative purposes. 
 
 
Further Considerations: 
 
1. Top plate thinner than main plate … say 10mm thick with same plate clearance and a weld leg 
length of 10.1mm. 
2. The possible effects of friction between the plates. 
3. Any industry guidance on the pitch of spot or puddle welds to ensure that two plates effectively 
behave as one. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Useful references: 
 
1. SJ Maddox. Fatigue Strength of Welded Structures, Woodhead Publishing, Second Edition, ISBN 1 
85573 013 8, 1991. 
PROCEDURAL BENCHMARK 
DEFINITION 
Page 2 of 2 
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Number: 
FENET_E&D2 
 
Title:  
Reinforcing Plate 
e-mail Address of Person Submitting: (Note … identities of people and 
organisations will not be disclosed. This information is required in case 
communication is necessary) 
 
 
Date: 
Idealisation: (Use multiple results sheets for each idealisation if required) 
 
 
 
 
Mesh Used: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
System and Element(s) Used: 
 
 
 
 
 
 
 
Assumptions and Approximations (including statement of significance): 
 
PROCEDURAL BENCHMARK 
RESULTS 
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Results for Comparative Target Solution Quantities: 
 
 
 
 
 
Additional FE Results used for Engineering Assessment: 
 
 
 
 
 
 
Relevant Codes of Practice, Industry Standard and/or Statement of Assessment Criteria: 
 
 
 
 
 
 
Description of Results Post-processing (where relevant): 
 
 
 
 
 
 
 
 
 
 
 
Engineering Conclusion(s): 
 
1.        Is the detail fit for purpose for static strength (Y/N) and fatigue (Y/N)? 
2.        Would this detail be allowed under any Codes of Practice prevalent in your industry sector 
           (state which sector and Code)? 
    Y/N 
    Sector: 
    Code of Practice: 
 
 
 
 
 
 
 
PROCEDURAL BENCHMARK 
RESULTS 
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Number: 
FENET_E&D3 
 
Title:  
Single Lap Joint 
Date:  
10th August 2004 
Statement of Purpose:  
 
The main purpose of this procedural benchmark is to identify the limitations of modelling practices 
currently in use, using plate/shell elements, for adequate representation of the stiffness and stresses in 
large fabrications containing an offset in the plate/shell midsurface. 
 
The stresses and deflections in the fabricated detail shown are to be determined using common 
industrial modelling practices. Target solution quantities required for deflection and stresses have been 
specified. However, you should feel free to determine and use any additional result quantity at any 
location in the model, which would enable determination of the margins against static failure and fatigue. 
Please use any elastic failure criteria appropriate to your industry sector, to establish such margins. 
 
Geometry: 
 
 
L = 100 mm 
Plate width = 100 mm 
t = 15mm 
Neglect self-weight 
45 degree fillets 
 
Analysis Type(s):  
 
Linear material, static. 
 
Material: 
 
EN10025 S355 JR steel (old BS 4360 Grade 
50B) in the as-rolled, as-welded condition. 
Young’s Modulus = 200000 N/mm2; Poisson’s 
Ratio = 0.3; Minimum Yield Strength = 355 
N/mm2 for t<16mm (345 for 16<t<40); Fatigue 
strength (stress range) for plain plate = 280 
N/mm2 with a 2.3% (2SD) probability of failure. 
Tensile Strength 560 N/mm2. 
 
Loading:  
 
Force F  = 15kN @ 2x10e6 cycles (0 … F … 0) 
 
 
Boundary Conditions:  
 
See figure above. 
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Target Solution Quantities Required for Comparison:  
 
X and Y components of deflection at B; Longitudinal stress distribution through the thickness at A; 
Longitudinal stress distributions through the thickness at sections s1 and s2.  
 
Indicate also: Elastic stress(es) to be used for assessment of static failure margin(s) and “Hot-spot” 
stress(es) for fatigue assessment. 
 
(For final comparative purposes, please provide deflections in “mm” and stresses in “N/mm2” to 1 
decimal place or 2 for values less than unity). 
 
 
Idealisations:  
 
Although the structure is 2D, the intention is that it should be representative of large general plate/shell 
fabrications. With this in mind, idealisations using general 3D plate/shell elements are required. 3D 
solids (if commonly used in say a “nested” modelling strategy for large structures) would also be 
welcome for comparative purposes. It would also be instructive to consider the following common 
simplified schematic idealisations (with general 3D plate/shell elements): 
 
 
 
Results for 2D plane stress/strain models would also be useful for comparative purposes. 
 
 
Further Considerations: 
Useful references: 
 
1. SJ Maddox. Fatigue Strength of Welded Structures, Woodhead Publishing, Second Edition, ISBN 1 
85573 013 8, 1991. 
PROCEDURAL BENCHMARK 
DEFINITION 
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Number: 
FENET_E&D3 
 
Title:  
Single Lap Joint 
e-mail Address of Person Submitting: (Note … identities of people and 
organisations will not be disclosed. This information is required in case 
communication is necessary) 
 
 
Date: 
Idealisation: (Use multiple results sheets for each idealisation if required) 
 
 
 
 
Mesh Used: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
System and Element(s) Used: 
 
 
 
 
 
 
 
Assumptions and Approximations (including statement of significance): 
 
PROCEDURAL BENCHMARK 
RESULTS 
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Results for Comparative Target Solution Quantities: 
 
 
 
 
 
Additional FE Results used for Engineering Assessment: 
 
 
 
 
 
 
Relevant Codes of Practice, Industry Standard and/or Statement of Assessment Criteria: 
 
 
 
 
 
 
Description of Results Post-processing (where relevant): 
 
 
 
 
 
 
 
 
 
 
 
Engineering Conclusion(s): 
 
1.      Is the detail fit for purpose for static strength (Y/N) and fatigue (Y/N)? 
2.      Would this detail be allowed under any Codes of Practice prevalent in your industry sector 
         (state which sector and Code)? 
  Y/N 
  Sector: 
  Code of Practice: 
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3. Observations from ‘Round-Robin’ Exercise 
 
The procedural benchmarks defined in section 2, formed the basis of a voluntary ‘round-robin’ 
exercise, in which participants were encouraged to apply their normal industry modelling practices. 
The aim of the exercise was to identify, if possible, elements of best practice and to disseminate this 
across the various industry sectors. It was also recognised that the results from such exercises 
generally provide useful fruit for debate and discussion in matters related to education and quality 
assurance. As indicated in section 1, the concepts for the development of Procedural Benchmarks in 
this general area were floated at the Barcelona workshop. Details of possible benchmarks were 
discussed and refined at the Noordwijk workshop. Selected benchmarks were subsequently refined 
and sent out to members as part of the ‘round-robin’ exercise. The results from the round-robin’ and 
their implications, were then discussed at the Majorca workshop. 
 
This section provides a summary of the observations made at the Education and Dissemination 
session of the FENET workshop held in Majorca, which was reasonably well attended and resulted in 
3-4 hours of stimulating discussion. The observations also reflect subsequent thoughts and written 
submissions by some participants. 
 
Despite the lack of complexity, response to the “round-robin” must be regarded as poor, with only 10 
contributors over the 3 procedural benchmarks. The reasons for this are not apparent. However, there 
were enough responses to ensure that this was a worthwhile exercise, with submissions from the Civil, 
Structural, Shipbuilding and General Industry sectors as well as academia, research and a software 
vendor. 
 
The Excel spreadsheets containing the results from all contributors to the ‘round-robin’ exercise, along 
with some explanatory comments, are presented in Appendix 3. It was agreed from the outset of this 
exercise that the identity of all contributors would remain anonymous.  
 
Generic observations: 
 
1. Significant variation in the modelling, results, assessment and conclusions relating to fitness 
for purpose of such detail is apparent across analysts and industry sectors, for both static and 
fatigue situations. The spread of results, for what on the face of it are relatively simple details, 
should certainly provide fruitful avenues of discussion in the education, validation and QA 
areas. It may come as a surprise to many, that these sort of observations are not unusual in 
“round-robin” exercises in this general area[23]. 
2. Human error is apparent, including: 
a. Mis-interpretation of boundary conditions; 
b. Incorrect use of finite element functionality that altered physical response; 
c. Reporting wrong results; 
d. Using stress output directly at singularities; 
e. Using averaged stresses at shell intersections. 
3. Lack of “engineering common sense” is apparent. For example, not all contributors checked 
that the field stresses compared well with hand calculations, where appropriate. 
4. From this limited linear elastic exercise: 
a. The need for finite element knowledge is confirmed; 
b. The need for general engineering education is confirmed; 
c. The need for industry specific knowledge is confirmed; 
d. The need for validation is confirmed; 
e. The need for adequate QA procedures is also confirmed. 
5. Established “common best practice” across the various industry sectors is not apparent, with 
only 1 contributor making specific reference to IIW Guidelines. The use of experimentally 
derived results on real weld geometries is perhaps widely recognised as a necessary part of 
the assessment process for fatigue. However, it is how FEA results are obtained (often at 
locations where singularities exist) that provides scope for variations in approach. The IIW, in 
particular, has done much work in this area[14],[15],[17-28] and definitive guidelines are 
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eagerly awaited. There would however appear to be a need for a wider dissemination of any 
such guidelines, given the wide use of welded fabricated construction. 
6. As with all analyses, the adequacy of any idealisation must be judged in terms of the purpose 
of the analysis being conducted. The idealisation of such fabrication detail will affect static and 
fatigue (as well as dynamic, buckling, limit and fracture) assessments to different degrees.  
7. The influence of fabrication detail can be local or global in nature and this fact should be 
considered when judging adequacy. The details selected for consideration as “procedural 
benchmarks” have both local and global measures selected as targets and all showed 
variation. 
8. It is possible to use shell models to obtain necessary stress data for fatigue assessment of 
such details, but care and understanding is necessary. It should also be recognised that shell 
models will, in general, produce finite converged results at intersections. 
9. There are two distinct approaches to obtaining “hot-spot” stresses from finite element models:  
(a) A stress linearization procedure (not required with shell representations), designed to 
remove the peak stress component and leave the membrane and bending stress components. 
Such an approach will include gross geometric stress concentration effects. Some finite 
element systems provide post-processing tools for defining the “assessment or classification 
section” in both 2D and 3D representations and for linearising the results. This approach is 
common in the Pressure Vessel industry. 
(b) A number of “extrapolation” approaches, with slight variations in the extrapolation 
procedures, are in use. These approaches invariably involve element sizes of the order of 0.4t 
and differ in whether linear or quadratic extrapolation is used to the hot-spot location (which is 
often a singularity in non-shell models). It is however recognised that specific Codes of 
Practice may not give the analyst any choice in which procedure to adopt.  
10. Some fatigue assessment procedures require the use of the nominal stress range on the weld 
throat area. Stresses plotted across the throat will show a highly non-linear variation. Although 
not always clear from submissions, it is likely that a simple ‘membrane+bending’ value of 
stress, with peak component removed, has been used, to provide consistency with hand 
calculations. 
11. Some analysts used thick shell elements. The fact that most did not, would perhaps indicate 
that participants from different disciplines do not have a common understanding of when 
plates and shells become thick.  
12. Given the nature of the Displacement Finite Element Method and the details examined, it is 
perhaps not surprising that greatest agreement is apparent for global stiffness (as measured 
by overall displacements), closely followed by field stresses (by definition away from local 
stress concentrations). Greatest variation is apparent for local stresses, which include finite 
values derived from distributions in the vicinity of singularities. In addition, as would be 
expected, greatest variation is apparent for very small target values, with best agreement 
generally for large values.  
 
Observations for E&D1: 
 
1. For this detail, the practice of displacing shell stress distributions by half a shell wall thickness 
before interpolating values at the “notional” position of weld toes (hot-spot), would seem 
unnecessary. 
2. The various results provided by “Analyst Identifier 1” show  remarkably little variation amongst 
2D-Axi and shell models (with and without weld representation). Whilst inclusion of the weld 
stiffness (by whatever means) improves the comparison with the highly refined 2D-Axi results, 
it is not apparent that this additional complexity is merited over a simple shell representation 
and use of stresses at the location corresponding to the weld toe.  
3. Although not considered in these benchmarks, it is noted that a simple shell intersection 
representation already has too much mass, without the addition of any measures designed to 
include the effect of the weld. This will have some bearing on dynamic analyses and weld 
models will result in a greater need to reduce the density of local elements for accurate 
representation. 
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Observations for E&D2: 
 
1. The reason for the large variation in contact radius results for load case 2 is not apparent. This 
is clearly a function of global stiffness representation as well as the effectiveness of the 
contact methods used. Given the relatively good agreement on overall deflections in most 
cases, it must be assumed that the differences are largely due to the contact methods. This 
fact emphasises the need for adequate contact benchmarks. 
2. The various results provided by “Analyst Identifier 1” show  remarkably little variation amongst 
2D-Axi and shell models for deflections, field stresses and weld-toe stresses, for load case 1. 
The poor comparisons for load case 2 are due to the lack of contact simulation in the shell 
model for load case 2. 
3. Assuming the reinforcing plate to be integral did not provide good agreement for field stresses 
at the plate centre. The comparison of local stresses in the region of the weld are reasonable, 
particularly for those of larger magnitude. It is clear therefore, that if such an assumption is to 
be made, then care must be taken to ensure that both plates effectively act as one through 
use of a suitable number of spot or puddle welds. The results for the “central spot-weld” 
idealisation, would indicate that an “integral” behaviour may be possible with relatively few 
plate connections. 
4. Neglecting the offset due to the reinforcing plate and assuming a double thickness integral 
representation over the reinforced area produced similar results to the “integral” idealisation 
with offset. 
 
Observations for E&D3: 
 
1. Only two participants showed that the problem was large displacement (subsequently 
confirmed by the coordinator), in spite of the tip deflection being less than the thickness of the 
plate. Reductions in deflections and stresses are significant. The rules of thumb commonly 
used as a guide to when large displacement effects become significant for beams, plates and 
shells are clearly not applicable for this problem. The reason for this is apparent when the 
source of the non-linearity is given due consideration. 
2. 3D models (shells and bricks) show variations in results across the width, which are obviously 
absent from 2D results. Not all contributors commented on this effect. 
3. Neglecting the offset, even with correct plate thicknesses, fails to predict adequate values for 
overall stiffness, field stresses and local stresses. Analysts should therefore think carefully 
before neglecting offsets in plate/shell mid-surfaces, as their effects can have a global nature 
as well as local. For thinner plates/shells, large displacement effects may act to reduce the 
global effect of the offset, through local bending of the joint and effective realignment of the 
mid-surfaces. 
4. The modelling of contact between the lapped plates appears irrelevant for the relative joint 
sizes considered. The results for separate plates, with and without contact, and models where 
the plates were assumed integral appear similar. The latter model however, fails to pick up the 
stress singularity that exists at both ends of the lap running between fillet weld roots. Almost 
all contributors failed to highlight this singularity, in any model. 
 
 
Closure 
The general consensus of those participating was that this was a worthwhile exercise, which should 
be of interest to the wider FE community. Given the level of participation, this fact was clearly not 
always recognised.  
 
 
4. Procedural Solutions for Benchmark E&D1 
 
This section provides sample solutions for the Shell Intersection benchmark E&D1. This benchmark 
has some commonality with benchmarks E&D2 and E&D3 and provides an ideal basis to illustrate the 
modelling and assessment issues relating to intersections and welds. The aim being to provide a 
wider educational reference for analysts and engineers working in this general area.  
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The solution meshes reported herein represent neither typical industrial practice nor recommended 
practice. The highly refined meshes represent an attempt to provide a finite element ‘reference 
solution’ …. a target for which the solution quantities have converged for the idealisations used. It is 
argued therefore that the target solution quantities provide a valid basis for comparison for other 
models and assessment procedures. 
 
The results reproduced here are those relating to ‘Contributor1 (General Industry)’. The meshes are 
not typical of the ‘free’ meshing normally associated with this adaptive-p system. The meshes were all 
manually seeded to ensure reasonably shaped elements. The aim was to ensure that the ‘reference’ 
solution suffered as little as possible from questions relating to element distortion. A total of 7 model 
variations are outlined below (1 solid of revolution and 6 shells). 
 
As mentioned previously, the main aim of these benchmarks was to address practice relating to shell 
elements. The highly refined ‘solid of revolution’ idealisation, in turn, provides a comparison for the 
shell results. This idealisation does not involve the assumptions inherent in shell theory and can model 
geometry to a higher degree of accuracy and reproduce non-linear through-thickness stress 
distributions where they exist.  
 
4.1  The Models 
 
Model 1_1 Solid of Revolution 
The highly refined mesh is shown in Figure 4.1, with the p-levels (levels of polynomial refinement) 
shown in Figure 4.2. Levels run from 9 (red) to 1 (blue). 
 
Figure 4.1 Solid of revolution idealization 
 
 
 
Figure 4.2 Solid of revolution p-levels 
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Model 1_2 Shell, with weld neglected 
This is a highly refined shell idealisation with no representation of the weld at all. The mesh is shown 
in Figure 4.3. 
 
 
 
Figure 4.3 Shell model with no weld 
 
Model 1_6 Shell, with weld represented as sloping band of elements 
This is a highly refined shell idealisation with the weld represented as a sloping band of elements 
running from toe to toe locations, with an element thickness equivalent to the weld throat thickness. 
The vertical leg continues down to the intersection with the lower plate, simulating a full penetration 
weld. The mesh is shown in Figure 4.4. 
 
 
 
Figure 4.4 Shell model with weld included as a sloping band of elements 
 
Model 1_7 Shell, with weld represented as thicker bands of elements 
This is a highly refined shell idealisation with the weld represented as a vertical and horizontal band of 
elements. The element thickness for these bands was assumed to be the parent plate thickness plus 
the weld throat thickness. The mesh is shown in Figure 4.5. 
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Figure 4.5 Shell model with weld included as thicker bands of elements 
 
4.2 Results and Discussion 
 
The results for the target solution quantities specified in the Procedural Benchmark Definition are 
presented in Table 4.1. 
 
 
 
Table 4.1 Target results for E&D1 
 
From this table, it may be concluded that all of the idealisations reported are in reasonable agreement 
for the result quantities tabulated. The 36% and 26.4% differences for 1_2 should be considered in 
terms of the overall magnitude of the quantities themselves. Model 1_2 is the most flexible of all the 
models, as expected. The fact that it is also the simplest and most convenient should also be borne in 
mind. 
 
The through-thickness principal stress distributions at sections 1 and 2 (corresponding to toes of weld) 
are shown in Figures 4.6 - 4.9. The distribution for Model1_1 has been linearized using the standard 
post-processing facility available in Mechanica. Two sets of results have been presented for the 
simple shell intersection model 1_2 … those for the intersection and those for a position 
corresponding to where the weld toe would have been. 
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Figure 4.6 Meridional stress distributions for Section 1 
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Figure 4.7 Hoop stress distributions for Section 1 
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Figure 4.8 Meridional stress distributions for Section 2 
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Figure 4.9 Hoop stress distributions for Section 2 
 
From these distributions the following observations may be made: 
· The simple shell intersection results (Model 1_2), when the actual intersection results are 
used, provide an overestimate. Use of results for the simple shell idealisation, at a position 
corresponding to where the weld toe would be, generally provides better agreement. 
· The shell results are generally in good agreement with the solid of revolution values. 
· There is little difference between the two methods used to simulate the weld, in this particular 
case. Models along the lines of 1_7 will be slightly easier to create than 1_6. 
 
A final point worth noting, are the differences that can arise due to the linearization procedure itself. 
Figure 4.10 shows the non-linearised through-thickness distributions for section 1, for Model 1_1. As 
may be observed, the effect of the weld toe singularity is confined to the quarter thickness closest to 
the singularity itself. For this particular problem, the first three-quarters of the thickness exhibits a 
perfectly linear distribution. An engineer’s manual solution to the linearization process would be to 
simply extend this linear distribution, rather than employ a mathematical ‘best-fit straight line’ 
algorithm. In the latter case, the peak component will influence the bending stress component and will 
in effect alter the slope of the distribution, resulting in slightly higher stress values on the surfaces (in 
this case -79 cf -68 and -139 cf -118 for the hoop and meridional stresses respectively on the 
singularity surface). 
 
 
 
Figure 4.10 Non-linearized through-thickness stress distributions for Section 1(Model 1_1) 
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Before addressing the issue of assessment, it would be useful to consider the general issue of ‘hot-
spot’ extrapolation. In this case it is argued that such extrapolation is unnecessary for the shell 
idealisations as no singularity exists in these models. Surface extrapolation as recommended by the 
International Institute of Welding [15] will be confined to the principal stress distributions for Model 
1_1. Furthermore, it is clear from the linearised results that the maximum stresses occur on section 1. 
Surface extrapolation will be confined to the vertical shell in this case. 
 
Surface distributions of meridional and hoop stresses leading up to section 1 are shown in Figures 
4.11 – 4.14 for both the inner and outer surfaces. Results for the simple shell model 1_2 are shown for 
comparison. Vertical lines are shown at locations corresponding to the wall centreline for the lower 
plate, the upper surface of the lower plate, the weld toe and 1,2,3 upper shell thicknesses from the 
weld toe. The vertical lines on the graph enable the form of the stress distributions to be better 
appreciated. The two distributions would be in better agreement if the thin shell distribution were to be 
displaced by half a lower plate thickness to the right. While this fact is interesting, it is unnecessary for 
the purposes of surface extrapolation of the shell of revolution results. The UKOSRP project [29] in the 
study of joints for offshore structures noted that the distance that such thin shell graphical distributions 
had to ‘displaced’ was also a function of the intersection angle as well as the shell thicknesses. 
 
 
Figure 4.11 Outer surface meridional stress distributions 
 
0 50 100 150 200 250 300
-600
-500
-400
-300
-200
-100
0
100
Model 1-2                                  
Model 1-1                                  
outer surface lower plate                  
weld toe                                   
one upper shell thickness from weld toe    
two upper shell thicknesses from weld toe  
three upper shell thicknesses from weld toe
Distance from shell intersection (mm) 
Meridional Stress
(N/sq.mm)        
PDF created with pdfFactory trial version www.software-partners.co.uk
     
FENET THEMATIC NETWORK     
COMPETITIVE AND SUSTAINABLE GROWTH 
 (GROWTH) PROGRAMME 29  
 
 
Figure 4.12 Outer surface hoop stress distributions 
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Figure 4.13 Inner surface meridional stress distributions 
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Figure 4.14 Inner surface hoop stress distributions 
 
From these distributions, various extrapolated hot-spot stresses have been derived using the linear 
and quadratic recommendations of reference [15], as shown in Table 4.2 and discussed in Appendix1. 
It is realised that in fact such extrapolation is not required for the inner surface, as the fatigue 
assessment of the weld root requires use of a nominal stress rather than a ‘hot-spot’ value, as 
recommended by the IIW and various Codes of Practice. These issues are addressed in the following 
section. A comparison is made for this surface non-the-less. Similarly no regard is given to guidance 
relating to Type ‘a’ and ‘b’ hot-spots or coarse/fine meshes at this stage. 
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Table 4.2 Comparison of various ‘hot-spot’ stresses 
 
For the outer surface, extrapolation is to the weld toe and for the inner surface it is to the re-entrant 
corner corresponding to the full penetration weld root. 
 
From the above table, the following observations may be made: 
· The thin shell intersection values represent a ‘worst-case’ i.e. are an overestimate. 
· There is little difference in the results from the various extrapolation schemes. However, it 
should be borne in mind that the extrapolation schemes were not designed to be used with 
well converged results from highly refined meshes. Given that the effect of singularities are 
confined to the first quarter thickness / 3.75mm (as discussed in Appendix 2) and that the first 
extrapolation point is at 4mm, then this is perhaps not surprising. 
· Although surface extrapolation is not applicable to the weld root location, it is interesting to 
observe that the extrapolation procedures do not cope well with the more complex gross 
geometric stress distributions that exists in this area. The distributions are shown in Figures 
4.13 and 4.14 and it may be noted that the complexity extends to 2 shell thicknesses from the 
re-entrant corner. Even quadratic extrapolation fails to handle such distributions effectively. 
· The poor comparison for the linearized results at the re-entrant corner (weld root) are due to 
the fact that the results were linearized over a thickness corresponding to the shell wall plus 
the weld leg length. This naturally has the effect of reducing the stress magnitudes. 
 
The fatigue assessment of the weld root requires use of a weld nominal stress. This may be obtained 
from finite element results by linearizing the distributions across the weld throat as shown in Figure 
4.15. 
Hot-Spot Stress (N/sq.mm) 
Case Outer surface 
meridional 
Outer 
surface 
hoop 
Inner 
surface 
meridional 
Inner 
surface 
hoop 
 
Thin shell @ intersection 
 
-187.8 -55.1 196.5 60.2 
 
Thin shell  
 
    
@ location of weld toe -125.0 -58.6   
@ inner surface re-entrant corner   170.5 41.3 
 
Through-thickness linearization 
 
    
@ weld toe -139.4 -79.0   
@ inner surface re-entrant corner   49.7 36.1 
Linear extrapolation 0.5t / 1.5t 
(7.5mm / 22.5mm) 
-118.0 
-84.3 
-134.9 
-61.2 
-56.2 
-63.7 
104.0 
132.5 
89.8 
15.3 
13.8 
16.1 
Linear extrapolation 
5mm / 15mm 
-127.0 
-103 
-139.0 
-62.2 
-58.7 
-64.0 
94.7 
134.0 
75.1 
14.6 
18.7 
12.6 
Linear extrapolation 0.4t / 1.0t 
(6mm / 15mm) 
-123.0 
-103.0 
-136.4 
-61.7 
-58.7 
-63.7 
97.5 
134.0 
73.0 
14.7 
18.7 
12.0 
Quadratic extrapolation 
4mm / 8mm / 12mm 
-132.0 
-130.0 
-125.0 
-131.0 
-63.2 
-62.9 
-62.0 
-62.9 
93.5 
106.0 
125.0 
87.5 
15.1 
15.6 
18.0 
16.5 
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Figure 4.15 Linearisation section across weld throat 
 
An extract from the corresponding linearization report for this section is shown in Appendix 4. It should 
be noted that for this particular system the convention is that XX corresponds to a local axis running 
between points 1 and 2 defining the assessment section or categorization line. Local direction YY is at 
right angles to this in the plane of the 2D model and ZZ is in the usual hoop direction. From this report 
it is seen that the stress across the weld throat is almost entirely bending, with maximum normal and 
hoop values of 72.6 and 47.2N/sq.mm respectively. 
 
4.3 Assessment 
 
In this section, various approaches to assessment will be presented. 
 
4.3.1 Non-code based 
(a) Static 
Assuming ductile failure, with no factor of safety on yield. Using the von Mises failure criterion, we 
have 
     Svmax< Sy and the Yield stress, Sy=355 N/sq.mm 
From FEA, using the thin shell intersection results as a worst case, we find that at the intersection: 
 
The maximum von Mises stress, Svmax = 174.5 N/sq.mm (excluding ‘peak’ stress component but 
including gross geometric stress concentration effects). 
 
Since 174.5 < 355, the structure is OK with respect to failure from static loading. Depending upon the 
application there may obviously be other static failure criteria that might apply, relating to deflection, 
fracture etc. 
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(b) Fatigue 
No allowance has been made for misalignment, stress relief and any post-weld treatment that may 
affect the fatigue behaviour. It is assumed that nothing is known in relation to residual stresses that 
would allow us to take advantage of any beneficial stress ratio effects (i.e. mean stresses). 
 
Using Maddox [3], there are two type details/classes that have to be considered. The first is Group 3, 
Type 3.2, Class D (assuming weld stop/starts). This relates to a continuously welded attachment 
essentially parallel to the direction of applied stress. In this case, it is the hoop stress range that must 
be checked against the allowable, as the crack will propagate normal to the weld toe. From Fig3b 
ref[3], the allowable stress range Sra = 91 N/sq.mm for a category D detail (for a 2.3% probability of 
failure at 2e6 cycles). From the FEA results (Table 4.2) at section 1, the thin shell intersection values 
for Shr = 55.1 N/sq.mm. Therefore this form of fatigue cracking will not  be a problem. 
 
Considering the weld detail as Group 8, Type 8.1, Class F (attachment of any shape with edge in 
contact with stressed member lying essentially transverse to the direction of stressing). In this case the 
crack propagates parallel to the weld along the toe … we therefore require the maximum meridional 
stress range at either section 1 or section 2 (or at the intersection if using the simple thin shell model 
as a worst case). From the FEA results (Table 4.2) for the latter, Smr = 187.8 N/sq.mm. From Fig3b 
ref[3], the allowable stress range Sra = 68 N/sq.mm for a category F detail (for a 2.3% probability of 
failure at 2e6 cycles). Since 187.8>68, this form of fatigue cracking is a problem. It is worth noting that 
this form of cracking is a problem irrespective of which particular form of hot-spot extrapolation or 
linearization is used. 
 
The classifications given in Maddox[3] are based on those originally published by Gurney[34]. They 
are similar to those included in a number of British Standards and also Eurocode 3. As we shall see, 
they are also similar to those produced by the IIW. 
 
4.3.2 IIW Guidelines (ref[14]) 
(a) Static 
These recommendations only relate to fatigue. 
 
(b) Fatigue 
The approach detailed in these recommendations are not dissimilar to those outlined in Maddox[3]. 
Assuming partial safety factors gM and gF = 1 (generally specified in a particular Code of Practice). In 
these guidelines each fatigue strength curve is identified by the characteristic fatigue strength of the 
detail at 2 million cycles. This value is the fatigue class (FAT). The guidelines contain quite an 
extensive list of categorized details. 
 
Detail 411 in Table {3.2}-1 in ref[14] relates to a T-joint weld with full penetration, no lamellar tearing, 
misalignment < 0.15t and toe cracking. In this case it is the meridional hot spot stress at sections 1 
and 2 that are perpendicular to the crack direction. Detail 411 is listed as FAT 80. Since our design life 
is 2e6 cycles, we can use the FAT value directly as our allowable stress range i.e. 80 N/sq.mm. As 
discussed in section 4.3.2, Smr = 187.8 N/sq.mm, which is > 80, therefore this form of fatigue cracking 
is a problem. 
 
4.3.3 BS 7608 (ref[12]) 
(a) Static 
These recommendations only relate to fatigue. 
 
(b) Fatigue 
The code specifies that the loading factor for fatigue gfL should be taken as unity on the basis that the 
design load spectrum is an upper bound estimate. The standard S-N curves in this code are based on 
the mean minus two standard deviations, which corresponds to our requirement for a 2.3% probability 
of failure. For welded steel structures it has been established that the fatigue life is normally governed 
by the fatigue behaviour of the joints, although the codes do provide fatigue data for parent plate. 
Once again, the process specified in this code of practice requires particular geometry to be given a 
detail or joint class rating (in this case from A to X). As before, the categorization takes into 
consideration the local stress concentration at the detail, the size and shape of the maximum 
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acceptable discontinuity, the stress direction, metallurgical effects, residual stresses and fatigue crack 
shape. This code of practice also contains quite an extensive list of categorized details, including 
bolted and welded. 
 
As with 4.3.1(b), one form of possible cracking relates to a continuously welded attachment essentially 
parallel to the direction of applied stress, with the crack propagating normal to the weld direction. In 
Table 4 ref[12] this is listed as Type 4.3, Class D (assuming weld stop/starts). Once again, it is the 
hoop stress range that must be checked against the allowable. From Table 14 ref[12], the form of the 
S-N curve is given as Sr3N = 1.52e12. For N=2e6, the allowable stress range is therefore Sra = 91 
N/sq.mm for a category D detail (for a 2.3% probability of failure). From the FEA results at section 1, 
the thin shell intersection values for Shr = 55.1 N/sq.mm. Therefore this form of fatigue cracking will 
not  be a problem. 
 
Table 8, Type 8.3, Class F  relates to the toe of a full penetration weld joining the end of one member 
to the surface of another. This again is almost identical to 4.3.1(b). The crack propagates parallel to 
the weld along the toe, we therefore require the maximum meridional stress range at either section 1 
or section 2 (or at the intersection if using the simple thin shell model as a worst case), as before. 
From the FEA results for the latter, Smr = 187.8 N/sq.mm. From Table 14 ref[12], the allowable stress 
range Sra = 68 N/sq.mm Once again, this form of fatigue cracking is a problem.  
 
4.3.4 PD 5500 (ref[11]) 
(a) Static 
This code addresses a wide range of failure mechanisms relevant to pressure vessels, including those 
associated with non-cyclic loading. Annex A details the requirements for designs where loadings and 
components are not explicitly covered by section 3 in the main body of the specification. The structure 
shown in the specification for the Procedural Benchmark E&D1 falls into this category. The rules of 
section A3.4 require the calculated elastic stresses to be grouped into 5 stress categories and 
appropriate stress intensities fm, fL, fb and fg to be determined from the principal stresses using the 
maximum shear theory of failure. In the code, the term stress intensity is used for the maximum 
principal stress difference (twice the maximum shear stress). The elastic analysis has to take into 
account gross structural discontinuities but not local stress concentrations due to detail such as welds. 
The general criteria covered by this approach includes failure due to gross plastic deformation and 
incremental collapse. 
 
The limiting value of stress in each category is specified as a multiple of ‘f’, which is the design stress 
for the material. In the main body of the code, the nominal design stress for carbon, carbon 
manganese and low alloy steels is specified as Re/1.5 where Re is the material minimum yield stress 
at room temperature. For the benchmark material Re = 355 N/sq.mm, therefore f = 237 N/sq.mm. 
 
The stress categories to be considered are: 
 
· General primary membrane ‘fm’, with a limiting value of ‘f’. 
· Local primary membrane ‘fL’, with a limiting value of ‘1.5f’. 
· General or local primary membrane plus primary bending  ‘fb’, (fm + fb) or (fL + fb), also with a 
limiting value of ‘1.5f’ (where fb is the primary bending stress intensity). 
· Primary plus secondary (fm + fb +fg) or (fL + fb +fg), with a limiting value of ‘3f’, (where fg is the 
secondary stress intensity). 
· Thermal stress … is not a consideration for this benchmark. 
 
Figure A1 in the Annex to the code provides a useful summary of these rules. Table A1 therein 
provides useful guidance on classification of stresses for some typical features found in pressure 
vessels. Classification requires experience and judgement and can be problematic. However, in such 
cases engineers will often resort to a worst-case scenario and place stresses in a category with a 
lower allowable. This may of course lead to over-design. 
 
If we consider the benchmark, there are basically four regions that require to be checked … the area 
at the centre of the plate away from the junction with the cylindrical shell, the area at the periphery of 
the horizontal plate away from the junction, the area in the vertical cylindrical shell away from the 
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junction with the horizontal plate and finally, the region of the junction itself. In the first area, the 
relevant stress intensities are fm and fb, in the second area also fm and fb, in the third area fm and 
possibly fg  (if any gradients through wall) and in the fourth, fL and fg. 
 
The results from 1_2 for the simple shell idealisation are used, since membrane and bending are 
readily available and this idealisation has been shown to provide a worst case. 
 
For the plate centre away from the junction, the principal stresses on the inner surface are -120, -120 
and -0.2 and those for the outer are 123.7, 123.7 and 0. From these values the plate centre is almost 
in pure bending and the membrane stresses are negligible. The maximum stress intensity fb = 122 
N/sq.mm which is clearly less than 1.5f = 355.5 N/sq.mm. 
 
For the plate at the periphery, away from the junction, the principal stresses on the inner surface are 
5.8, -7.0 and 0 and those for the outer are 19.2, -23.4 and 0. Clearly any stress intensities formed from 
these values are nowhere near any of the allowables ‘f’ or ‘1.5f’. 
 
For the vertical cylindrical shell, away from the junction, the principal stresses on the inner surface are 
10.0, -1.0 and -0.2 and those for the outer are 13.3, 9.7 and 0. Once again, it is clear that any stress 
intensities formed from these values are nowhere near any of the allowables ‘f’ or ‘1.5f’. 
 
For the cylindrical shell at the intersection (worse than lower plate at intersection), the principal 
stresses on the inner surface are -187.8, -55.1 and -0.2 and those for the outer surface are 196.5, 
60.2 and 0. The maximum stress intensity that can be formed from these principal stresses is 196.5. 
Clearly this is much smaller than 3f = 711 N/sq.mm. 
 
The benchmark structure is clearly satisfactory from a static viewpoint, with respect to the 
requirements of PD5500. 
 
(b) Fatigue 
It is noted that the fatigue strength of a pressure vessel is usually governed by the fatigue strength of 
details (e.g. openings, welds, bolting). 
 
The fatigue assessment procedure detailed in this code is almost identical to BS7608 in the previous 
section. Table C2, Annex C contains the classification of weld details. The table naturally contains 
more specific details relating to pressure vessels. However, the details used in the previous section 
are also contained therein, as class D for the weld stressed along its length (assumed as a branch 
connection) and class F for stresses acting essentially normal to the weld for an attachment of any 
shape with an edge butt welded to the surface of a stressed member, with t<55mm and edge distance 
> 10mm.  
 
The code specifies that the stresses to be considered in assessment are the primary + secondary 
stress range on the parent metal surface adjacent to the weld, ignoring any stress concentration due 
to the weld itself but including the effects of other stress concentrations. This is in fact what the 
linearized or extrapolated finite element stress results represent, so they can be used as before. It is 
worth noting that in Annex C of this code for fatigue, direct stress is used rather than the stress 
intensity used elsewhere in the specification. Once again, the full stress range is used, regardless of 
mean stress levels. The design curves (as in the previous sections) already take into account welding 
residual stresses and post-weld heat treatment is assumed not to have an influence on behaviour. 
Similarly it is noted that the fatigue life of weld details are independent of material yield strength and 
therefore the fatigue data is applicable for all steels (ferritic and austenitic) and aluminium alloys. 
There is a correction to the data when using a material with a modulus other than 209e3 N/sq.mm.  
 
The S_N data provided are also 2 standard deviations below the mean, so are also directly applicable 
to our requirement for a 2.3% probability of failure. Table C1 contains details of the S-N curves in 
Figure C3. From this table, allowable values for the stress range may be found as before. For category 
D, Sra = 91 N/sq.mm and for category F, Sra = 68 N/sq.mm. These values and the resulting 
conclusions are identical to those in 4.3.3 for BS7608. 
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5. Procedural Solutions for Benchmark E&D2 
 
This section provides sample solutions for the Reinforcement Plate benchmark E&D2. This benchmark 
has some commonality with benchmarks E&D1 and E&D3 in that they all include a weld detail (albeit a 
different weld detail). However, the main object of this benchmark is to examine the issues relating to 
reinforcing or spreader plates. In a plate/shell fabrication, such plates are typically only connected to 
the main plate around the periphery. When the designer wants to ensure a higher degree of 
connectivity, then spot or puddle welds may be specified. Since such detail is common in large 
fabricated structures, where a ‘solid’ idealisation is often impractical, the goal is to examine the issues 
relating to shell modelling. The highly refined ‘solid of revolution’ idealisation, in turn, provides a 
comparison for the shell results. This idealisation does not involve the assumptions inherent in shell 
theory and can model geometry to a higher degree of accuracy and reproduce non-linear through-
thickness stress distributions where they exist. The aim here is to provide a wider educational 
reference for analysts and engineers working in this general area.  
 
The solution meshes used represent neither typical industrial practice nor recommended practice. The 
highly refined meshes represent an attempt to provide a finite element ‘reference solution’ …. a target 
for which the solution quantities have converged for the idealisations used. It is argued therefore that 
the target solution quantities provide a valid basis for comparison for other models and assessment 
procedures. 
 
The results reproduced here are those relating to ‘Contributor1 (General Industry)’. The meshes are 
not typical of the ‘free’ meshing normally associated with this adaptive-p system. The meshes were all 
manually seeded to ensure reasonably shaped elements. The aim was to ensure that the ‘reference’ 
solution suffered as little as possible from questions relating to element distortion. A total of 5 model 
variations are outlined below (2 solid of revolution, 2 general shell and 1 shell of revolution). 
 
5.1  The Models 
 
Model 2_1 Solid of Revolution, plates joined by periphery weld, with contact 
The highly refined mesh is shown in Figure 5.1, with the p-levels (levels of polynomial refinement) 
shown in Figure 5.2. Levels run from 9 (red) to 1 (blue). No-friction contact is modelled (although only 
relevant for Load Case 2). The element length in the vicinity of the singularities at the weld toe and 
root is typically of the order of t/50. 
 
 
 
Figure 5.1 Solid of revolution idealization 
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Figure 5.2 Solid of revolution p-levels 
 
Model 2_2 Shell, with weld as band with thickness = weld throat thickness, no contact 
This is a highly refined shell idealisation with the two plates joined by a vertical band of shell elements. 
The thickness of the elements in this band is equal to the weld throat thickness. Unfortunately the 
system used, Mechanica Release 23.3(311), did not offer contact between shell elements, therefore 
the results for Load Case 2 should be viewed in this context. The mesh is shown in Figure 5.3. 
 
 
Figure 5.3 Shell model with joining vertical band 
 
Model 2_3 Shell, with weld as band with thickness = leg length, no contact 
This model is identical to 2_2 with the exception that the vertical band thickness was set equal to the 
weld leg length rather than the weld throat thickness. 
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Model 2_6 Solid of Revolution, plates assumed integral, with offset midsurface 
This model is the same as 2_1 but with integral plates. In this case the singularity at the weld root is 
removed and the plates behave as if they had been machined from the solid. The offset mid-surface 
has been retained however. The mesh is shown in Figure 5.4. 
 
 
 
Figure 5.4 Solid of revolution idealization with integral plates 
 
Model 2_7 Axisymmetric Shell, plates assumed integral, without offset midsurface 
This is an axisymmetric shell representation of the case when the plates are assumed integral and the 
offset in the plate midsurface has been removed. This model effectively represents a common and 
convenient approach adopted by analysts when dealing with such detail in large models i.e. the single 
layer of shell elements in the reinforced area are thickened appropriately, but the offset in mid-surface 
is ignored. The mesh is shown in Figure 5.5. A step change in thickness has been modelled i.e. no 
account has been taken of the weld, e.g. through use of a small element with a transition thickness. 
 
 
Figure 5.5 Shell of revolution idealization with integral plates and no mid-surface offset 
 
5.2 Results and Discussion 
 
The results for the target solution quantities specified in the Procedural Benchmark Definition are 
presented in Tables 5.1 and 5.2 for loading cases 1 and 2 respectively. 
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Table 5.1 Target results for E&D2 for Load Case 1 (load upwards / plates move apart) 
 
 
 
Table 5.2 Target results for E&D2 for Load Case 2 (load downwards) 
 
From these tables, the following observations may be made: 
· Whether the weld throat thickness (2_2) or the weld leg length (2_3) is used for the connecting 
band of shell elements representing the weld, makes little or no difference to overall stiffness 
or field stresses. 
· There is good agreement between the general shell idealisation (2_2 or 2_3) and the solid of 
revolution representation (2_1) for the solution quantities tabulated. The exception to this is 
the shell model results for Load Case 2, where the lack of contact results in significant 
differences. 
· Where contact is modelled, there are clearly significant differences between Load Cases 1 
and 2. The lack of connectivity between the two plates is resulting in significantly different field 
stresses and to a lesser extent stiffnesses. For 2_1, load case 2, clearly the deflection at point 
2 (common interface) should be the same. The 0.2mm difference would appear to be an 
inherent deficiency in the contact algorithm and was not affected by mesh refinement. 
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· The results for 2_1, 2_6 and 2_7 show that assuming the plates to be integral results in 
significant errors in the plate field stresses, as expected. The error in overall deflection is 
much smaller. For the geometry examined, the differences between the integral plate models, 
with and without offset mid-surface, are relatively small. It should be noted that buckling is 
however sensitive to such offsets and this has not been examined here. 
 
The contact pressure distribution for the solid of revolution model, load case 2, is shown in Figure 5.5. 
The contact radius of 162.5mm provides a further useful target solution quantity for the benchmark. 
This problem would also be useful as a general contact benchmark, particularly as it could be used to 
assess shell/shell contact as well as solids. 
 
 
 
Figure 5.6 Contact pressure distribution for model 2_1 
 
The extremely localised nature of the singularity at the weld toe and root is shown in Figures 5.7 and 
5.8, for load case 1. The singularities clearly exist in both the radial and hoop stresses. 
 
 
 
Figure 5.7 Radial and Hoop Stress singularity at weld root (section 1, model 2_1) 
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Figure 5.8 Radial and Hoop Stress singularity at weld toe (section 2) 
 
These distributions were linearized using the post-processing facilities available in Mechanica, before 
presenting in comparison with the other various idealisations in Figures 5.9 – 5.12. 
 
 
 
Figure 5.9 Through-thickness Radial Stress Distributions at weld toe (section 2) for Load Case 1 
 
 
 
Figure 5.10 Through-thickness Hoop Stress Distributions at weld toe (section 2) for Load Case 1 
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Figure 5.11 Through-thickness Radial Stress Distributions at weld toe (section 2) for Load Case 2 
 
 
 
Figure 5.12 Through-thickness Hoop Stress Distributions at weld toe (section 2) for Load Case 2 
 
From Figures 5.9 to 5.12, the following observations may be made: 
· As far as the shell idealisations are concerned, there is little difference between the stresses 
at the intersection location and those where the weld toe would be. 
· There is remarkably good agreement amongst all idealisations. What this means is that as far 
as the weld toe stresses are concerned, it makes little difference whether contact is modelled 
or not for load case 2. This is further emphasized by the fact that even for the solid of 
revolution model with contact, the results for Load Cases 1 and 2 are very similar except for a 
change of sign. Indeed it makes little or no difference whether the plates are assumed integral 
or not or even whether the offset in mid-surface is included. 
 
The situation for section 1 however is rather different, as shown in the following through-thickness 
distributions.  
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Figure 5.13 Radial Stress Distributions Through-thickness at weld root (section 1) for Load Case 1 
 
 
 
Figure 5.14 Hoop Stress Distributions Through-thickness at weld root (section 1) for Load Case 1 
 
 
 
Figure 5.15 Radial Stress Distributions Through-thickness at weld root (section 1) for Load Case 2 
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Figure 5.16 Hoop Stress Distributions Through-thickness at weld root (section 1) for Load Case 2 
 
The following observations may be made in this case: 
· For Load Case 1, the various models are in reasonable agreement for the lower plate. For the 
upper plate however, significant differences are apparent. This is not surprising however, 
when it is noted that 2_1 and 2_3 are the only models that allow the two plates to separate. 
The reasonable agreement for 2_6 in the lower plate is perhaps slightly surprising however, 
when the source of the linearized distribution is examined for this model. Figure 5.17 shows 
the highly non-linear through-thickness radial(XX) stress distribution at this section, for this 
idealisation. 
 
 
 
Figure 5.17 Non-linearized Stress Distributions at weld root (section 1) for Model 2_6 
 
· For Load Case 1, there is reasonable agreement between models 2_1 (solid) and 2_3 (shell). 
· For Load Case 2, there is little to be said, except that the results for model 2_1 provide the 
reference solution. All other results suffer to a significant degree from the various 
approximations made in the idealisations. The previous good agreement between 2_1 and 
2_3, for load case 1, is now lost due to the lack of a contact facility for shell elements in 
Mechanica. 
 
In reality however, the consequences of this lack of agreement on section 2 may not be as bad as it 
first appears. As noted previously, there was in fact reasonably good agreement amongst all models 
at the toe section 2. This is important, as this section will be used in the fatigue assessment to follow. 
However, in the case of section 1, any fatigue assessment of the root will normally make use of 
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nominal stresses across the weld throat and not on the linearized stresses on section 1. The question 
therefore arises as to what stresses should be used for root crack fatigue assessment for the shell 
idealisations. Clearly for these models, there is no throat in the model for which a nominal stress may 
be retrieved. It should be noted that for the detail classification selected for the assessment of this 
arrangement (Maddox Group 8, Type 8.7), attention is focussed on the toe stresses at section 2. 
Which stresses to use in a root crack assessment is an interesting point to ponder nonetheless. 
 
The linearized weld throat stresses for model 2_1, load case 1, are shown in Table 5.3. Also shown in 
the table are the root stresses from the linearized distributions on section 1 (clearly the throat and 
section 1 have a common point at the weld root). Also shown in the table are some stresses from the 
shell idealisations that could be considered for use as a nominal throat stress for fatigue assessment 
of the weld root. Hoop(H), plate radial(R) and weld throat normal(N) stresses are shown. The stress 
used for assessment would depend on the assumed direction of crack propagation. 
 
 
Table 5.3 Comparison of various ‘nominal weld-throat’ stresses for root assessment (Load Case 1) 
 
5.3 Assessment 
 
In this section, due to the similarities amongst the various approaches used in section 4, a single non-
code-based approach to assessment will be presented. 
 
5.3.1 Non-code based 
(a) Static 
Assuming ductile failure, with no factor of safety on yield. Using the von Mises failure criterion, we 
have 
     Svmax< Sy and Sy=355 N/sq.mm 
From FEA, using the thin shell intersection results as a worst case, we find that at the intersection: 
 
 Svmax = 150 N/sq.mm @ the centre of the top plate for load case 1. 
 
Since 150 < 355, the structure is OK with respect to failure from static loading. Depending upon the 
application there may obviously be other static failure criteria that might apply, relating to deflection, 
fracture etc. 
 
(b) Fatigue 
No allowance has been made for misalignment, stress relief and any post-weld treatment that may 
affect the fatigue behaviour. It is assumed that nothing is known in relation to residual stresses that 
would allow us to take advantage of any beneficial stress ratio effects (i.e. mean stresses). 
 
This arrangement does not have a wholly relevant classified structural detail in Maddox[3] or any of 
the Codes used in the previous section. In this case, allowables for similar details will be used. Using 
Maddox, assume a Group 8, Type 8.7, Class G. This relates to a welded attachment of any shape on 
Stress (N/sq.mm) 
Model Membrane 
‘M’ 
Bending 
‘B’ ‘M + B’ Notes 
 
2_1 
 
13.9(N) 
11.2(H) 
20.1(N) 
3.2(H) 
34.0(N) 
14.4(H) Linearized across weld throat, @ root 
2_1 14.8(R) 5.6(H) 
34.0(R) 
15.2(H) 
48.8(R) 
20.8(H) Linearized across section 1, @ root 
2_3 13.3(R) 13.3(H) 
30.7(R) 
1.6(H) 
44.0(R) 
14.9(H) 
Stress in underside of top plate @ 
intersection with vertical band 
 
2_7 
 
0(R) 
0(H) 
61.2(R) 
27.3(H) 
61.2(R) 
27.3(H) 
Stress in topside of outer thin plate @ 
intersection with thicker plate (same stress 
used for toe assessment) 
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the surface of a stressed member. In this case, it is the radial hot-spot stress range at the weld toe 
that must be checked against the allowable. For this class, the crack will propagate along the weld toe. 
From Fig3b ref[3], the allowable stress range Sra = 50 N/sq.mm for a category G detail (for a 2.3% 
probability of failure at 2e6 cycles). From the FEA results at section 2, the solid of revolution (2_1) 
values for Shr = 68.2 N/sq.mm. Therefore this form of fatigue cracking will be a problem. The relevant 
hot-spot stress from the various other idealisations were 65.2 N/sq.mm for model 2_3; 68.2 N/sq.mm 
for model 2_6 and 57.8 N/sq.mm for model 2_7. Clearly fatigue cracking is a problem whatever 
idealisation is used, including those for shells. 
 
It is interesting to note that should the detail be classed as a ring reinforcement welded around a hole 
in a plate (detail 731), the IIW guidelines would specify a FAT class of 71. The allowable stress range 
of 71 N/sq.mm would indicate no fatigue problem from this type of toe cracking. Similarly if the detail 
was to be considered as a branch attachment with a reinforcing plate under PD5500 and BS7608 
(type 12.2), the classification would be ‘F’, with an allowable stress range at the toe of 68 N/sq.mm. In 
this case the outcome is marginal and dependent upon the precise idealisation used. Such is 
engineering! On the other hand, BS7608 indicates that details which are not expressly classified 
should be treated as class G, or class W for load carrying weld metal (which will certainly be the case 
for load case 1). In this case, the conclusion would obviously be reached that fatigue is a problem. 
 
 
6. Procedural Solutions for Benchmark E&D3 
 
This section provides sample solutions for the Lap Joint benchmark E&D3. This benchmark has some 
commonality with benchmarks E&D1 and E&D2 in that they all include a weld detail (albeit a different 
weld detail). However, the main object of this benchmark is to examine some of the issues relating to 
eccentricities in plate/shell midsurfaces. Lap joints are not uncommon in large fabricated structures, 
although they would be regarded as ‘low quality’ in some sectors and may in fact be completely 
prohibited in some applications. Once again, a highly refined ‘solid of revolution’ idealisation provides 
a comparison for the shell results. This idealisation does not involve the assumptions inherent in shell 
theory and can model geometry to a higher degree of accuracy and reproduce non-linear through-
thickness stress distributions where they exist.  
 
The solution meshes used represent neither typical industrial practice nor recommended practice. The 
highly refined meshes represent an attempt to provide a finite element ‘reference solution’ …. a target 
for which the solution quantities have converged for the idealisations used. It is argued therefore that 
the target solution quantities provide a valid basis for comparison for other models and assessment 
procedures. 
 
The results reproduced here are those relating to ‘Contributor1 (General Industry)’. The meshes are 
not typical of the ‘free’ meshing normally associated with this adaptive-p system. The meshes were all 
manually seeded to ensure reasonably shaped elements. The aim was to ensure that the ‘reference’ 
solution suffered as little as possible from questions relating to element distortion. A total of 4 model 
variations are outlined below (1 solid of revolution, 2 general shell and 1 3-D solid). 
 
6.1  The Models 
 
Model 3_1 Plane Stress (2-D); small displacement 
The highly refined mesh is shown in Figure 6.1, with the p-levels shown in Figure 6.2. The element 
length in the vicinity of the singularities at the weld toes and roots is typically of the order of t/35. 
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Figure 6.1 2-D Plane Stress idealization 
 
 
 
Figure 6.2 Solid of revolution p-levels 
 
Model 3_3 Shell (3-D); small displacement; with offset 
The half model symmetric, highly refined, mesh of general shell elements is shown in Figure 6.3. In 
this case the offset was modelled with the two plates being joined at both ends of the lap by vertical 
bands of shell elements. The thickness of the elements in this band was assumed equal to the weld 
leg length. 
 
 
 
Figure 6.3 Shell model with joining vertical band 
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Model 3_5 Shell (3-D); small displacement; no offset 
In this case the offset was not modelled. The thickness of the elements in the overlap was taken as 
equal to the sum of the individual plate thicknesses. The highly refined mesh is shown in Figure 6.4. 
 
 
 
Figure 6.4 Shell model with no offset 
 
Model 3_6 Solid (3-D); small displacement and large displacement 
The symmetric half model mesh shown in Figure 6.5 is composed entirely of solid tetrahedral 
elements. The mesh was seeded, but is less refined than those shown above. The Mechanica system 
used for this study, only offers large displacement effects with solid elements. The model was 
analysed with both small and large displacements. The former providing a useful comparison with the 
previous idealisations and the latter illustrating the deficiencies of a small displacement approach to 
this problem. 
 
In this case the plates were assumed integral, as interest was focussed on target solution quantities 
and the hot-spot stresses at the weld toes. 
 
 
 
Figure 6.5 Solid Tetrahedral model with lap assumed integral 
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6.2 Results and Discussion 
 
The results for the target solution quantities specified in the Procedural Benchmark Definition are 
presented in Table 6.1. 
 
 
 
Table 6.1 Target results for E&D3 
 
From this table, the following observations may be made: 
· Contact is not an important variable as far as these solution quantities are concerned. 
· There is good agreement between the 2-D Plane Stress solution, the 3-D general thin shell 
and the 3-D solid idealisations, for the small displacement analyses. 
· Ignoring the offset in midsurface, even if taking into account the additional thickness over the 
lap area, produces significant errors in deflection and field stresses. 
· The large deformation effects in this problem are significant and produce a significant 
reduction in field stresses and deflection, as the deflection of the plate acts to reduce the force 
couple causing the out-of-plane deflection. 
 
The singularity in stress at the weld toe and root is clearly seen in Figures 6.6 and 6.7 respectively, for 
model 3_1. 
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Figure 6.6 Stress singularity at the weld toe for the 2-D Plane Stress idealisation 
 
 
 
Figure 6.7 Stress singularity at the weld root for the 2-D Plane Stress idealisation 
 
The linearized through-thickness stress distributions at sections 1(weld root) and 2(weld toe) are 
shown in Figures 6.8 and 6.9. 
 
 
 
Figure 6.8 Linearized through-thickness stress distributions at weld root (section 1) 
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Figure 6.9 Linearized through-thickness stress distributions at weld toe (section 2) 
 
From Figures 6.8 and 6.9, the following observations may be made: 
· All of the small displacement idealisations are in reasonably good agreement, for both the toe 
and root sections. 
· The large displacement linearised results are significantly smaller than the small displacement 
results. 
 
Although not presented, all 3-D models showed significant variation over the width of the plate. The 
results presented relate to the plate centre line. 
 
 
6.3 Assessment 
 
In this section, due to the similarities amongst the various approaches used in section 4, a single non-
code-based approach to assessment will be presented. 
 
6.3.1 Non-code based 
(a) Static 
Assuming ductile failure, with no factor of safety on yield. Using the von Mises failure criterion, we 
have 
     Svmax< Sy and Sy=355 N/sq.mm 
From the FEA large displacement results, we find from the weld toe linearized results that 
 
 Svmax = 49.2 N/sq.mm. 
 
Since 49.2 < 355, the structure is OK with respect to failure from static loading. Depending upon the 
application there may obviously be other static failure criteria that might apply, relating to deflection, 
fracture etc. 
 
(b) Fatigue 
No allowance has been made for misalignment, stress relief and any post-weld treatment that may 
affect the fatigue behaviour. It is assumed that nothing is known in relation to residual stresses that 
would allow us to take advantage of any beneficial stress ratio effects (i.e. mean stresses). 
 
Using Maddox [3], assume a Group 6, Type 6.5, Class G. This relates to a fillet welded single lap joint. 
For this class, the crack will propagate along the weld toe. From Fig3b ref[3], the allowable stress 
range Sra = 50 N/sq.mm for a category G detail (for a 2.3% probability of failure at 2e6 cycles). From 
the linearized large displacement FEA results at the weld toe, Sr = 49.2 N/sq.mm. Therefore, whether 
this form of fatigue cracking is a problem or not is marginal. Given that the detail of this single fillet is 
almost certainly worse than the type 6.5 detail, due to the fact that it is only welded at the ends and not 
down the sides as well, it will probably be safer to conclude that fatigue cracking will be a problem. 
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Appendix 1 
 
Modelling Techniques for Welds 
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A1. Modelling Techniques for Welds 
 
This section provides an overview of a variety of structural modelling techniques employed for welds. 
These techniques have been developed to allow the effects of welds to be included in the design and 
assessment of large fabricated structures. Welding process simulation is not considered and neither is 
the sizing of the weld itself. The main focus is on stress-life-based fatigue, although the general 
considerations will also apply to other analysis types such as dynamics, buckling, and fracture 
mechanics. It is also worth noting that many of the resulting modelling considerations are equally 
applicable to ‘as-cast’ fillet radii. Similarly, specific reference is not made to the spot and seam weld 
details common in the car industry. However, it is hoped that some of the outcomes of this study might 
be of interest to engineers and analysts in this sector. 
 
It is assumed that the reader is familiar with welding technology and fatigue assessment methods in 
general terms. References [3][5] provide background where necessary. 
 
A1.1 The Goal 
 
Welding is a process of inherent variability and including the precise detail of any welded connection, 
including the ‘as-achieved’ weld profile (should it even be known) for example, is generally impractical 
and this is certainly the case for large models of fabricated structures. However, fatigue data exists for 
a wide range of welded connections [3][12][14]. This data is available in a variety of forms, but 
generally provides an allowable stress range for the particular weld detail and assessment location 
(root or toe for example). This data has generally been derived from experimental tests on 
representative joint details. As such, the test data is assumed to include the effects of typical ‘as-
achieved’ welds on fatigue performance, but will not however include the effects of any gross 
structural discontinuity, such as a nozzle or hole in the vicinity of the weld. 
 
A1.2 The Challenges 
 
The challenge in any analysis is therefore to include the effects of the weld in the modelling process, 
as far as it affects stiffness, stress levels and mass distribution (if relevant). Because the allowable 
data available for the weld details already effectively includes the effects of the particular weld 
geometry and process parameters, the main challenge facing the analyst is to obtain an adequate 
representation of the stress field in the vicinity of the welds (and elsewhere) excluding the peak 
component due to the particular weld detail. The following techniques address this challenge and the 
methods outlined illustrate the different approaches necessary for shell and solid idealisations. 
 
Modelling techniques and the level of detail included in finite element models have evolved with the 
development of computing power and will no doubt continue to do so [1]. However, in the case of large 
fabricated structures with relatively thin walls, it is likely that pressure will remain on the analyst, to 
achieve adequate results for assessment in a resource efficient manner. This may well preclude any 
representation of weld detail in the finite element model, or may involve a simplified representation … 
even perhaps the use of a shell representation rather than solid. No matter what approach is adopted 
for idealisation however, level of mesh refinement and overall problem size constraints will remain with 
us in the foreseeable future and the resulting practicalities are reflected in the following sections. 
 
A1.2.1 A Note on Singularities 
 
The stress level at a so-called re-entrant corner (such as the toe of a weld) is theoretically infinite. With 
no fillet radius to blunt the stress level, any solid representation of such geometry will produce a stress 
level at the corner that converges to infinity with mesh refinement. The finite value of stress provided 
by any particular finite element mesh is therefore non-converged and is a function of mesh 
refinement. It is argued therefore that any assessment procedure based on the direct use of stresses 
from finite element meshes at such locations is theoretically unsound. 
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Since some of the techniques involved in the following section use specific extrapolation procedures to 
obtain repeatable and converged nominal values of stress at these locations, it is perhaps instructive 
to have a closer look at the nature of such singularities. 
 
 
Figure A1.1 shows a simple plane strain geometrical detail with various weld profiles. Highly refined h-
p meshes were used to analyse each case, for the variation in maximum principal stress and 
deflection. All meshes converged to approximately 1.5% on strain energy and 1% on a global root 
mean square stress measure. Element sizes in the vicinity of the toes was typically t/16, although 
values as small as t/1024 were also studied for particular cases, to examine the localised nature of the 
singularity. At a mesh size of t/16 the element p-level was typically around 8. Typical meshes are 
shown in Figure A1.2, with their associated ‘p-level’. It is argued that these results represent accurate 
values for the purpose of the present discussions. 
 
 
 
 
Figure A1.1 Detail for weld singularity studies 
 
The salient results from the various cases are presented in Table A1.1. The maximum deflection for all 
cases was 6.27 mm, indicating that for this problem, the effect of the weld profile is local in nature, as 
expected.  
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Figure A1.2 Typical meshes used, showing p-level 
 
The distributions of maximum principal stress along the plate surface within one thickness (10 mm) of 
the weld toe are shown in Figure A1.3.  
 
Maximum Principal Stress (N/sq.mm) Distance 
from toe Case ‘A’ Case ‘B’ Case ‘C’ Case ‘D’ Case ‘ARAD’ 
0 1038.9 1469.2 259.5 412.4 399.2 
t/16 297.3 297.8 242.3 262.6 279.0 
t/8 260.7 258.1 236.7 246.1 252.8 
t/4 239.0 237.6 232.1 235.3 237.1 
t/2 231.7 231.0 230.6 230.9 231.7 
3t/4 232.0 231.0 230.9 230.7 232.2 
t 232.8 232.9 231.3 231.0 232.9 
 
Table A1.1 Maximum principal stress value at various distances from the weld toe 
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Figure A1.3 Surface distributions of maximum principal stress within one thickness of the weld toe 
 
The distributions of XX component stress through the thickness at the toe of the weld are shown in 
Figure A1.4. These distributions clearly show the effect of the singularity and illustrate the peak 
component that has to be removed in any linearization procedure. Many finite element systems have 
such linearization procedures available as part of their post-processors. The theoretical details of the 
particular linearization method used is not always given however and there are various methods that 
can be used for this purpose. The results of the linearization procedure available in the Mechanica 
system are shown in Table A1.2 for the maximum ‘membrane+bending’ component of maximum 
principal stress i.e. with the peak component removed. 
 
 
 
Case Maximum Linearised Value of ‘Membrane+Bending’ Component from 
Through-thickness Distribution of Maximum Principal Stress (N/sq.mm) 
A 
B 
C 
D 
247.0 
250.2 
232.0 
233.2 
 
 
Table A1.2 Linearised ‘membrane+bending’ stress maxima 
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Figure A1.4 Through-thickness distributions of XX component stress at the weld toe 
 
From these results, the following observations are made: 
 
(a) The surface distributions of maximum principal stress shows a 3% variation across all 
weld profiles at a distance of t/4 from the weld toe and 10% at t/8. An assumption that the 
influence of the weld profile extends to t/4 would therefore seem reasonable. Values used 
for ‘hot-spot’ extrapolation purposes should therefore lie at least t/4 away from the toe. 
The shape of the weld profile, including any small toe radius and almost certainly any 
undercut of a similar size, will influence the stress distribution within a distance of t/4 from 
the weld toe. Studies show that this t/4 limit does not change with further mesh 
refinement. 
(b) The non-converged peak stress at the weld toe, for cases A,B and D varies significantly. It 
is argued that such values should not be used either directly or indirectly in any 
assessment process. 
(c) The closer the toe angle gets to 90 degrees, the greater the non-converged peak stress at 
the toe. This indicates that the singularity is becoming ‘harder’, with the rate of change of 
stress towards infinity being higher. 
(d) Insertion of a 1mm fillet at the toe removed the singularity as expected. However, the 
maximum stress at the toe is now a function of this small radius. The maximum value 
does not occur at the toe tangency point but occurs part way round the fillet (as with Case 
‘C’). It is also worth noting that insertion of such a small radius may well have significant 
mesh refinement and resulting computing resource implications, for practical industrial 
problems. 
(e) In this particular problem, the rate of change in magnitude of the maximum principal stress 
is very small beyond t/4 and arguably extrapolation procedures would be pointless in 
these circumstances. However, this will not always be the case. It can be argued that 
procedures (extrapolation and linearization) used for the removal of the weld peak stress 
component should use converged values of stress. This would ensure that such 
procedures are effectively independent of element type and formulation. If such a 
convergence requirement is adhered to, then element specific mesh guidelines would not 
be necessary. Current computing limitations however, will continue to force industry for 
effective techniques that may be used with coarse (non-converged) meshes. 
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(f) The variation in linearised maxima is 7.3% across cases A-D, with the greatest difference 
existing between the ‘geometrical extremes’ of stress concentration (B and C). This 
variation indicates that linearization procedures may be more sensitive to the local weld 
profile geometry than the current extrapolation procedures outlined in the following 
sections. Certainly for this particular problem, the extrapolation procedures currently in 
use do not exhibit this magnitude of variation. However, the advantages of the 
linearization approach in terms of convenience may still prove attractive in practice. 
(g) It would be a worthwhile exercise to repeat the above process, with coarser mesh 
refinements, for any particular case, to obtain some feel for the sensitivity of the 
extrapolation and linearization approaches to this variable. No doubt, acceptable values of 
linearised and extrapolated stresses could be obtained with coarser meshes than those 
used. Time precludes such an investigation however. 
 
Finally, it is worth noting in passing that shell models with slope discontinuous midsurfaces, in many 
circumstances do not give rise to such singularities. The stress values at intersections of shells in such 
cases should always converge to finite values. However, there are some circumstances in shell 
idealisations where such a singularity can occur, as shown in Figure A1.11. The usefulness of such 
values for shell models of fabricated connections is discussed in the following section. 
 
A1.3 The Techniques 
 
The techniques used by analysts when modelling welded structures are many and varied. The 
particular modelling strategies used are subject to the usual analysis considerations, including those 
relating to resources. This may in turn lead to decisions to use a shell idealization or perhaps not to 
include the weld explicitly in the finite element model. 
 
A1.3.1 Shell Idealisations 
 
Shell idealizations are in some ways the least problematic in terms of weld considerations and results 
post-processing. However, some might argue that they are also the least representative. That is not to 
say that realistic results cannot be achieved … the results in Section 4,5 and 6 show that adequate 
results can be obtained from shell idealizations. Quite obviously, including an accurate geometrical 
representation of a weld profile in a model based on a mid-surface representation is not possible. As 
shown in Figures A1.5 and A1.6, it is possible to include the effect of the weld. Whether this is 
necessary however is another matter and some degree of experience is necessary on the part of the 
analyst in considering this issue. Figure A1.11 shows an alternative approach to including the effect of 
the weld to some degree. In this case, weld elements are not used, but the thicknesses of the band of 
plate elements corresponding to the weld leg length is increased. This figure shows the thickness 
increase on one plate only. In this case[15], the thickness increase corresponds to the weld leg length, 
although use of the weld throat thickness is also found. Section 4 provides results for Procedural 
Benchmark E&D1, for the cases with and without a weld. Clearly the larger the weld in relation to the 
structural component and wall thickness, the greater will be its effect on overall and local stiffness (and 
mass distribution).  
 
 
Figure A1.5 Shell idealization ( for full-penetration ) 
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Many companies will spend time and effort in developing company/product specific modelling 
guidelines that address this and other modelling issues. The development of such guidelines may well 
involve correlation studies with experiment. 
 
 
(i) and (ii) Rigid elements for weld simulation 
(Modified from reference[28], Fayard et al) 
 
 
(iii) and (iv)  Partial-penetration shell idealisation 
(Modified from reference[7], NAFEMS) 
 
Figure A1.6 Various shell idealizations  
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In general, with these modelling strategies, the stresses are ignored in the weld elements themselves 
and the stresses are used directly at the weld toe location or at the intersection of the main shells 
where weld elements are not used. Clearly in the latter case, the analysts still has the choice of using 
the stresses at a location on the model corresponding to the weld toe. While this will no doubt result in 
lower stresses for assessment, generally this is not recommended. The use of stresses directly at the 
intersection of the main plates is generally a worst case. This approach also avoids the obvious 
problem that the size of weld is not always known a priori in a design situation. These issues are also 
examined in Section 4. 
 
Appendix 2 addresses some of the issues associated with shell intersections. However, one particular 
problem is worthy of note here. The problem can arise with finite element systems that incorrectly 
average stresses at these locations. The problem isn’t so much that the averaging process is 
incorrect, it is that they should not be averaged at all. This pitfall for the unwary can be a serious issue 
as it can lead to considerable errors in stress magnitude. The problem is very apparent when 
graphical distributions are produced … the generally smooth graph is suddenly disturbed as the curve-
fit tries to accommodate the ‘rogue’ point. Basically when 2 plates or shells of different thickness (or 
the same thickness meet at different angles), there should be a discontinuity in the stresses at the 
intersection (common nodes) … averaging incorrectly removes this discontinuity. 
 
One distinct advantage of plate/shell idealizations over ‘solid’ representations is that in many 
geometries, the elements are inherently incapable of producing the local peak stresses due to the 
weld toe. However, as indicated previously, there are certain geometries that can still effectively result 
in a toe singularity, as shown in FigureA1.11. The stress components at the toe of a weld are 
illustrated in Figure A1.7. 
 
 
 
Figure A1.7 Stress components at the toe of a weld 
(Modified from reference[15], Niemi) 
 
Plate/shell elements are only capable of producing the membrane and bending components. As 
indicated previously, because the published allowable data for welds already includes the effect of the 
peak component, it must be removed from any finite element results that includes it (e.g. a solid 
idealization) before assessment is carried out. The various procedures used to remove this 
component are not without uncertainty and effort. The fact that such a procedure is often not required 
for shell idealizations is an advantage … providing the analyst can justify the use of plate/shell theory 
in the first place. 
 
The membrane and bending stress components should include the basic field stresses and also the 
effects of any gross geometrical stress concentration (due to overall geometrical form, holes, nozzles 
etc). Shell elements are capable of representing such stresses, within the limitations of the underlying 
shell theory (e.g. the stresses through the thickness should in fact be linear, even when the peak 
effects of the weld toe are neglected). 
 
It should be noted that when the weld is not specifically modelled in a solid idealisation, there will be a 
singularity at re-entrant corners (e.g. at intersections). This will produce a similar peak stress 
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component that will have to be removed. The following section is mainly concerned with the various 
methods used to avoid or remove such peak components. 
 
A1.3.2 Solid Idealisations 
 
The two main techniques used to remove the peak stress component from stress distributions at the 
toes of welds, are surface extrapolation and through-thickness linearization. These are illustrated in 
Figure A1.8. 
 
 
Figure A1.8 Stress extrapolation and linearisation 
(Modified from reference[14], Hobbacher) 
 
Once again, the weld is not always explicitly included in models. In such cases, it is recommended 
that the linearization and extrapolation methods use the intersection location and not the notional 
position of weld toes. This is a worst-case situation.  
 
The linearization procedure is invariably available as a standard post-processing facility in commercial 
finite element systems and finds widespread application in the pressure vessel industries. In use, the 
user simply defines a section (sometimes referred to as a stress classification line) through the 
plate/shell wall and the system automatically determines the membrane, bending and peak 
components of all stresses (components, principal, von Mises etc). There are various procedures that 
can be used in the linearization, including those by Kroenke[31][32] and Gordon[33]. The responsibility 
rests with the user to determine the worst-case section for assessment. There is a basic requirement 
that the finite element mesh should be capable of producing accurate values for membrane+bending 
at these sections. This is not as trivial as it might seem. Clearly a single element with a midside node 
(parabolic shape function) is capable of reproducing a linear stress distribution. However, this is likely 
to be influenced by the singularity at the weld toe and may in turn produce inaccurate linearised 
stresses. Convergence studies or adaptive meshing techniques are advisable where experience does 
not provide adequate guidance. As we shall see, this process is more convenient in use than the 
extrapolation procedures outlined below, requiring little or no special mesh preparation, or manual 
extraction of results. Dong[22] developed a variation on the normal through-thickness linearization 
procedure that involves a section a small distance away from the weld toe. The claim that the 
approach is mesh insensitive is disputed and it’s efficiency and effectiveness is not clear. 
 
Linearisation may also be used to produce the nominal stresses required to assess root or throat 
stresses. Clearly the stress distribution across the throat of a weld is complex, as illustrated in Figure 
A1.9. For comparison with code allowables, it is the membrane+bending components that are 
required. Linearisation would be applied to section ‘DB’ to determine the maximum 
membrane+bending component for sigma1. 
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Figure A1.9 Typical stress distributions in a fillet weld 
(Reproduced from reference[5], Shigley) 
 
Extrapolation procedures possibly have their roots in the offshore industry. Certainly in the late 1970s 
and early 80’s much work in this area was being carried out as part of the United Kingdom Offshore 
Steels Research project [29]. In fact the driver for such methods would appear to have been 
experimental strain gauging as a means of determining the toe hot-spot stresses, although they were 
also being applied to finite element results as well at that time. Indeed refs [14],[15] provide much 
detail on extrapolation methods for use with strain gauges and finite element modelling … the latter 
including different guidance for ‘coarse’ meshes as well as ‘fine’. The extrapolation locations for strain 
gauges and finite elements are also different. The International Institute of Welding clearly has 
invested a great deal of time and effort on the development and study of such methodologies and the 
recommendations in these references reflect the practical constraints of time and resources that 
industry operates under. They represent the most comprehensive guidance available in this area and 
the concepts outlined therein have found their way into relevant Codes of Practice [12], [13]. 
 
Table A1.3 and Figure A1.10 illustrate the thinking embodied in the IIW publications. Fine mesh 
quadratic extrapolation (3 points) is further recommended in special cases where it is not possible to 
use the guidelines in Table A1.3 … e.g. due to the closeness of two welds. 
 
 
Table A1.3 IIW Guidelines on surface stress extrapolation 
(Reproduced from reference[15], Niemi) 
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Figure A1.10 IIW Guidelines on surface stress extrapolation 
(Reproduced from reference[15], Niemi) 
 
Interestingly the guidance on meshing accepts that non-converged results (coarse meshes) may be 
used as long as particular requirements are met: 
 
· That there are no other severe discontinuities in the vicinity 
· The stress gradient is not high 
· Standard 8-noded shell elements or 20-noded solids are used 
· Stresses are used at the mid-side nodes 
 
It is argued that the error introduced by using relatively distant extrapolation points is compensated by 
the slightly exaggerated midside node stresses due to the influence of the singularity at the hot-spot 
corner node. In reality, this is not much different from an argument to use the unconverged nodal finite 
stresses obtained directly at singularities - with some guidance on element size for consistency. In this 
case, the element shape function is effectively providing ‘automatic extrapolation’. The various 
extrapolation procedures are considered in Section 4 for Procedural Benchmark E&D1. 
 
The IIW Guidelines introduce the notion of type ‘a’ and ‘b’ hot-spots, with different procedures for 
handling both. With the former, the weld assessment location is located on a plate surface and with 
the latter, it is located on a plate edge. This is shown below in Figure A1.11. 
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Figure A1.11 IIW Guidelines on coarse meshing 
(Reproduced from reference[15], Niemi) 
 
An automated system of extrapolation would work with component stresses and reformulate the 
appropriate principal stress at the hot-spot, recognising that principal stress directions can vary in the 
vicinity of such stress concentrations. However, in practice, the analyst simply manually extracts the 
principal stresses from the results at the required extrapolation positions … having first of all ensured 
that stress recovery points (generally nodes) are available at these locations. The extrapolation is also 
effected manually. Reference[15] contains convenient formulae for this purpose, for linear and 
quadratic procedures. 
 
As with the linearization procedures discussed previously, the responsibility of selecting the worst-
case hot-spot for extrapolation lies with the analyst. If simply using coloured fringe plots as a guide, 
then closeness of fringes should also be considered as well as maximum values (as the latter may 
well be a non-converged singularity stress). 
 
 
The final approach that is sometimes used with a solid idealisation prior to a fatigue analysis is to 
effectively remove the singularity by inserting small fillet radii at the weld toes. This clearly has 
resource implications and may not be a simple process. The process is not unlike that sometimes 
used in Pressure Vessel limit analysis[9]. However, in this case, the IIW Guidelines[14] recommend 
the use of a fillet radius of 1mm. This value is chosen as being typical of many practical welds. 
However, it should be realised that the peak stress magnitude will be a direct function of this radius. 
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The resulting stress is referred to as an ‘Effective Notch Stress”. The method is restricted to welded 
joints that are expected to fail from the weld toe or root (not from surface roughness or defects). 
Neither is it applicable where considerable stress components parallel to the weld or root gap exists. 
The method has not been verified for wall thicknesses less than 5mm[14]. 
 
A1.4 A brief review of some relevant work 
 
This brief review concerns the specific issue of modelling and assessing welds. It is not intended to 
provide a comprehensive overview of the topic, but simply to provide comment on some of the more 
relevant publications. Literature relating to the wider issues of modelling shell structures with 
intersections, reinforcement plates and offset mid-surfaces is not addressed, apart from some 
coverage of shell intersections in Appendix 2. A significant number of papers on these topics exist. 
Similarly a substantial body of work is available on the general area of fatigue of welded and 
fabricated structures. A review of these relevant areas was beyond the scope of the present work. 
 
Dong et al[22] reviewed the current ASME Boiler and Pressure Vessel Code fatigue procedure and 
philosophy, before outlining a new approach directed at FEA, which has the claimed advantage of 
being mesh insensitive and which can be used with a new ‘master’ S-N curve for vessel and piping 
welds. However, it may be observed that the approach requires further verification for a wide range of 
weld geometry. The suggested procedure involves the determination of the through-thickness 
structural stress distribution a ‘small distance’ away from the weld toe section. It is then argued that an 
additional bending stress component requires to be added to this to estimate the hot-spot stress at the 
toe, due to the effect of the through-thickness shear stresses. This additional component is evaluated 
by effectively integrating the shear stress through-thickness and multiplying the result by the ‘small 
distance’ moment arm. Although it is claimed that this method is mesh insensitive, Doerk et al[19] 
have concluded that mesh sensitivity cannot in general be guaranteed and that the procedure defined 
by Dong can be ambiguous. Interestingly, Dong notes that the ASME fatigue strength reduction factor 
data is based on correlation studies carried out over 30 years ago. These studies correlated the 
results from tests on smooth unwelded test specimens with fatigue tests carried out on welded 
components over 20 years earlier by Markl[35-37] and others. 
 
Poutaiainen et al[18] investigated various methods of determining the hot-spot stresses for 2-D and 3-
D structural detail and concluded that through-thickness methods are less demanding in terms of 
mesh requirements. In the absence of a post-processor that allows the arbitrary specification of 
assessment lines through the thickness in 3D models, the need to plan internal mesh boundaries is 
highlighted. However, this latter strategy is a less than satisfactory situation, as the location of 
maximum stress is not normally known beforehand. This fact emphasizes the need for an effective 
post-processor. The additional complexity of Dong’s method would not appear to be justified. 
 
Doerk et al[19] compared various calculation methods for structural stresses at four different welded 
details. The methods examined included various surface extrapolation techniques and through-
thickness linearization (including Dong’s variation). Results show scatter, although it is concluded that 
there was little difference between the two surface extrapolation methods examined. The authors 
highlight some of the challenges facing these approaches before concluding that the hot-spot stress 
approach is relatively coarse, but practical. The challenges highlighted relate more to the influences of 
residual stresses, variations in weld profile, biaxial stress states and how these real variables should 
be handled in any assessment approach. The practical difficulty in selecting and defining the 
assessment section in some cases is also noted. However, it has to be said that these issues are not 
entirely ignored in the various Codes of Practice and references such as Maddox[3]. The issues have 
long been recognised and rationally argued approaches specified. 
 
Peterson[21] examined the various fundamental approaches for the fatigue assessment of welds. 
These included the nominal stress, geometrical stress, notch stress and LEFM approaches. Each 
method was examined in terms of accuracy and work effort. Results were compared with experimental 
test results generated by Volvo. For the particular test geometry, all fatigue cracks started from root 
defects. There was a large scatter in the fatigue life predictions. The nominal stress approach, not 
surprisingly, required least effort, whilst the notch stress approach was most time consuming. LEFM 
and the notch stress approach were most accurate. However, the authors acknowledge that the 
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geometric stress approach using toe extrapolation is not applicable for root cracks. It is not therefore 
surprising that results are inaccurate in this case. Work estimates for the approach however, are 
realistic. 
 
Of some relevance to the present FENET work, is the round-robin exercise reported by Katajamaki et 
al[23]. The aim of the round-robin was to validate the different fatigue analysis approaches, involving 
the determination of hot-spot stresses and results post-processing. The structure analysed was an I-
beam with a gusset welded to the flange. There were 3 loading cases. A consortium of 12 Nordic 
industrial companies, universities and research institutes took part in the exercise, producing 28 
different solutions. It is clear from the paper that several organisations had committed significant 
resources to the study. It was concluded that shell models were less successful (underpredicting) than 
brick models in predicting the stress concentration factor. However, it is not clear whether the shell 
models had been completed in accordance with IIW guidelines. From the results, it was clear that it 
was possible to obtain adequate results from shell idealisations, with care. In addition, it was noted 
that the hot-spot approach was better than the nominal stress method when comparing fatigue lives. 
Quite a number of participants had used highly refined meshes, untypical of routine analysis tasks. 
Three participants failed to establish the nominal stresses on the beam adequately, for the simplest 
loading case. The third loading case produced even greater variation. The authors report that a 
previous Nordic round-robin[38] involving the static loading of a welded lug attachment had produced 
higher than expected scatter, partly due to the analysts inability to define the location of maximum 
principal stress. The authors also report that a round-robin on a similar component, reported by 
Niemi[39][40] to the IIW working group on hot-spot stresses, showed significant differences in the 
choice of position and direction of the extrapolation line. 
 
Huther et al[25] studied a longitudinal non-load-carrying welded joint in bending using shell and brick 
elements. The authors concluded that it was possible to obtain results for shell idealisations that 
provided similar values to those from brick models, provided a series of simple model guidelines were 
followed. The guidelines mainly related to normal modelling practices with shell elements. However, 
the recommendation was made that the width of the modelled weld bead should be taken as the width 
of the actual bead (i.e. not increased by half a shell thickness). Furthermore, it was concluded that the 
thickness of the weld shell elements should be taken as equal to the weld throat. 
 
Poutiainen and Niemi[24] also observed a greater degree of scatter in shell model results in their study 
of hot spot stresses in gusset structures using coarse element meshing. However, it was also 
concluded that with suitable idealisation, it was possible to obtain good results for shell models. 
 
Niemi and Tanskanen[20] studied the hot spot stresses in welded edge gussets, using 3 different FE 
models and 4 different extrapolation methods. The predicted fatigue lives were compared with 
experimental results. It was found that two methods yielded satisfactory results. These methods 
involved quadratic extrapolation. The other two approaches (Tveiten’s method and linear 
extrapolation) were less than satisfactory. It was concluded that all extrapolation methods studied 
need further development in order to validate their applicability to a wider range of weld details. 
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Appendix 2 
 
Some Observations on Shell Intersections 
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It has long been recognised [16] that the detailed stress state at the discontinuous intersection of shell 
structures cannot be described completely by simple shell theory, or using shell elements based on 
shell theory, in which the geometry of the structure is defined by wall centrelines or midsurfaces and 
wall thicknesses. 
 
It is often recognised that the graphical distributions obtained from such analyses in the vicinity of such 
intersections, when compared with experimental results, appear displaced. In the case of a 90 degree 
intersection, the displacement would generally correspond to half a shell thickness. In addition, it has 
also been a common observation that the maximum values from such models are larger than those 
from experiment. 
 
Over the years many workers have devised methods of making such shell intersection models more 
realistic. However, it is true to say that none of the methods outlined below, have found widespread 
use. They do however give some insight into the approximations inherent in plate and shell theory and 
are therefore worthy of review. Despite the advances in computing power, shell models are still in 
widespread use and are likely to remain so in the foreseeable future. The illustrations use an 
axisymmetric case for clarity, but the techniques can obviously be applied to general three-
dimensional shells. 
 
Two basic models of a 90 degree shell intersection are shown in FigureA2.1. The only difference 
between the two is the area over which the pressure acts. In model (a) the pressure acts over the 
entire midsurface, whereas in (b), the pressure acts over a region corresponding to the ‘bore’ or 
internal surface. Model (b) requires small elements of half a shell thickness in length at the 
intersection. The effect of this small change will depend upon the geometry and thicknesses of the 
shells, but a 10-15% difference has been reported for such an intersection involving a relatively thick 
shell member[16]. 
 
 
 
Figure A2.1 Simple shell representation with ‘pressure adjustment’ 
 
Other modifications to the basic shell idealisation have involved attempts to effectively move the 
intersection element nodes to their correct spatial location. In such cases the resulting graphical 
distributions will not appear displaced by half a shell thickness. Three similar approaches to achieving 
this are shown in Figure A2.2. 
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Figure A2.2 Modified intersection geometry 
 
The final model refinement presented here recognises the fact that in reality, the ‘force actions’ at such 
intersections are not transmitted from one shell element to another at a single connection point. In the 
‘equivalent band replacement’ approach, the ‘force actions’ or ‘stress resultants’ acting perpendicularly 
to the shell wall are replaced by bands of equivalent uniform pressure over a finite width 
corresponding to half the shell wall. The approach in effect requires a 2-stage analysis … the first to 
obtain the usual stress resultants and the second re-run with equivalent bands of pressure. The 
approach is illustrated in FigureA2.3 
 
 
Figure A2.3 ‘Equivalent band replacement’ technique 
 
 
Clearly the presence of any welds at the intersection simply highlights the inherent deficiencies in a 
plate/shell idealisation. The 3 procedural benchmarks have been devised to illustrate the significance 
of such deficiencies and has been shown in section 2, it is still possible to obtain useful results in 
models of fabrication detail, where notionally at least, shell theory should not apply. 
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Appendix 3 
 
‘Round-Robin’ Spreadsheets 
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FENET_E&D1         
         
Stiffness, Field Stresses & Overall Measures       
         
Analyst Identifier Model Type Deflection Point 1 Deflection Point 2 Deflection Point 3 Sigma1 @ Point 1 Sigma2 @ Point 1 Static Failure? Fatigue Failure? Comments 
1 (General Industry) 2D-Axi 4.9 0.5 0.03 119.6 119.6 N Y a 
5 (Ship & Marine) 2D-Axi 4.9 0.5 0.03 119.7 119.4 - Y b 
2 (Academic) 2D-Axi 4.9 0.5 0.03 119.6 119.6 Y - c 
6 (Civil Engineering) 2D-Axi 4.8 0.5 0.03 119.0 ? Y - d 
3 (Research) 2D-Axi 4.9 0.5 0.03 119.5 119.5 Y Y? e 
10 (Research) 2D-Axi 4.9 0.5 0.0 119.6 119.6 N Y f 
9 (Academic) 3D Solid  4.4    0.5   0.04 112.9 112.9 ? ? g 
1 (General Industry) Shell 5.2 0.7 0.03 123.7 123.7 N Y h 
1 (General Industry) Shell 5.0 0.5 0.03 120.9 120.9 N Y i 
1 (General Industry) Shell 4.8 0.5 0.03 118.0 118.0 N Y j 
7 (Ship & Marine) Shell 5.5 1.6 0.0 128.3 ? N Y k 
2 (Academic) Shell 5.1 1.6 0.03 125.7 125.4 N N l 
2 (Academic) Shell 5.5 1.6 0.03 128.1 128.1 Y Y m 
2 (Academic) Shell 4.9 1.1 0.04 119.5 119.5 Y Y n 
6 (Civil Engineering) Shell 5.0 0.6 0.04 117.2 ? Y - o 
3 (Research) Shell 5.5 1.6 0.00 123.9 119.5 Y Y p 
8 (Steel Construction) Shell 5.2 1.1 0.04 122.9 122.9 N Y q 
10 (Research) Shell 5.1 0.6 0.0 121.5 121.5 N Y r 
11 (Pressure Vessels) Shell 5.2 0.7 0.03 126.0 126.0 N Y s 
          
        
Comments :         
a Mechanica; 1_1; Fine Mesh; Stresses linearised; Convergence <1% on Energy Index and RMS Stress Index    
b Ansys Plane82; stresses not linearised       
c Cosmos/M; Fine mesh; Plane2-D 8-noded; Stresses not linearised; Plastic analysis for static strength    
d 4-noded quad; stresses not linearised       
e Abaqus CAX8R; stresses not linearised; dissimilar mesh boundaries?     
f Marc; Fine Mesh; 8-noded elements       
g In-house code; mixed formulation hexahedral HC8/9; weld modelled; converged results; small dispt    
h Mechanica; 1_2; Fine Mesh; weld not modelled; Distributions not displaced; Convergence <1% on Energy Index and RMS Stress Index   
i Mechanica; 1_6; Fine Mesh; weld modelled; Convergence <1% on Energy Index and RMS Stress Index    
j Mechanica; 1_7; Fine mesh; weld neglected, thicker elements; Convergence <1% on Energy Index and RMS Stress Index   
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k Ansys 4-noded plates; weld not modelled; Stress extrapolation used     
l Cosmos/M Shell4T; Weld not modelled; Coarse mesh      
m Cosmos/M Shell4T; Weld not modelled; Fine mesh; Quadratic extrapolation of effective stress using 0.4t, 0.9t and 1.4t   
n Cosmos/M Shell4T; Weld not modelled but with 25mm thick elements @ intersection; Fine mesh; Quadratic extrapolation of effective stress using 0.4t, 0.9t and 1.4t 
o 4-noded shell        
p Abaqus S8R 8-noded thick shell; weld not modelled / simulated as a "tie"?     
q NADWork 4-noded thin/thick shell elements; Used IIW modelling guidelines; Weld fillet modelled with inclined shells; Linear extrapolation to the weld toe for hot-spot stresses using values at 0.4t and 1.0t 
r Marc; 4-noded thick shell elements; Weld fillet modelled with inclined shell elements     
s Ansys; 4-noded shells (Shell63); "Normal" mesh; Weld not represented; Assessed ASME VIII    
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FENET_E&D1        
        
Local Stress Measures       
        
Analyst Identifier Model Type 
Hoop Stress 
@S1(outer) 
Hoop Stress 
@S1(inner) 
Meridional Stress 
@S1(outer) 
Meridional Stress 
@S1(inner) 
Hoop Stress 
@S2(outer) 
Hoop Stress 
@S2(inner) 
Meridional Stress 
@S2(outer) 
Meridional Stress 
@S2(inner) 
1 (General Industry) 2D-Axi -79.0 28.8 -139.4 149.1 1.7 -1.7 -26.2 20.0 
5 (Ship & Marine) 2D-Axi -78.4 17.6 -172.2 130.9 3.5 -1.8 -22.3 17.9 
2 (Academic) 2D-Axi -122.9 18.6 -281.2 134.2 3.2 9.8 -23.3 43.4 
6 (Civil Engineering) 2D-Axi ? ? -198.9 130.9 ? ? -23.4 22.8 
3 (Research) 2D-Axi -110.0 20.0 -65.0 0.0? 3.2 0.2 -23.2 -24.0 
10 (Academic) 2D-Axi -118.8 18.8 -247.6 135.1 3.2 4.5 -23.2 32.9 
9 (Academic) 3D Solid -56.9 4.3  -97.0 75.8 4.7 -2.4 -1.8 -3.8 
1 (General Industry) Shell -58.6 19.0 -125.0 133.7 2.9 -2.4 -33.3 27.3 
1 (General Industry) Shell -61.8 22.7 -136.4 145.1 2.4 -1.8 -27.0 20.2 
1 (General Industry) Shell -61.8 27.0 -143.6 152.2 2.2 -1.6 -25.3 18.8 
7 (Ship & Marine) Shell 0.0? -0.2? -162.0 170.7 1.8 -8.6 -13.4 14.0 
2 (Academic) Shell -25.7 -25.7 -117.8 143.2 5.3? 4.9? -16.6 9.8? 
2 (Academic) Shell ? ? ? ? ? ? ? ? 
2 (Academic) Shell -21.0 -21.0 -148.1 174.7 3.9? 3.3? -12.5 5.3? 
6 (Civil Engineering) Shell ? ? -149.9 158.7 ? ? -15.3 11.9? 
3 (Research) Shell -70.4 50.1 -196.3 204.9 1.9? -9.1? 13.9? 14.7? 
8 (Steel Construction) Shell -68.4 23.5 -148.5 158.4 -0.3 -7.4 -9.5 10.2 
10 (Academic) Shell -51.9 16.7 -103.8 124.7 3.8 -2.39 -24.9 21.3 
11 (Pressure Vessels) Shell 126.0 -118.3 126.0 118.3 0.0 0.0 -21.8 -21.8 
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    FENET_E&D2        
       
    Stiffness & Overall Measures ... Load Case 1      
       
Analyst Identifier Model Type 
Deflection 
Point 1 
Deflection Point 2 
(low plate) 
Deflection Point 2 
(up plate) 
Deflection 
Point 3 Contact Radius 
Static 
Failure? 
Fatigue 
Failure? Comments 
1 (General Industry) 2D Axi 4.0 4.0 5.5 5.5 No contact N Y a 
1 (General Industry) 2D Axi 4.2 - - 4.2 n/a N Y b 
1 (General Industry) 2D Axi-shell 4.7 - - 4.7 n/a N Y c 
5 (Ship & Marine) 2D Axi 1.4 1.4 3.0 3.0 ? ? N d 
3 (Research) 2D Axi 2.2 2.2 2.3 2.3 ? N N e 
6 (Civil Engineering) 2D Axi 4.0 4.0 5.5 5.5 ? N ? f 
4 (Software Vendor) 2D Axi 4.0 4.0 5.5 5.5 ? N N g 
10 (Academic) 2D Axi 3.9 3.9 5.5 5.5 - N Y i 
1 (General Industry) Shell 4.2 - - 5.8 Contact not modelled N Y j 
1 (General Industry) Shell 4.2 - - 5.8 Contact not modelled N Y k 
5 (Ship & Marine) Shell 9.8 - - 11.0 ? ? N l 
3 (Research) Shell 10.3 - - 10.4 ? N N m 
6 (Civil Engineering) Shell 4.1 - - 5.7 ? N ? n 
8 (Steel Constr) Shell 3.9 3.9 5.5 5.5 No contact N Y o 
4 (Software Vendor) Shell 4.1 - - 5.6 ? N N p 
2 (Academic) Shell 4.2 4.2 5.7 5.7 no contact N N q 
10 (Academic) Shell 4.1 - - 5.6 - N Y r 
11 (Press Vessels) Shell 4.7 - - 4.7 n/a N ? s 
       
       
       
    FENET_E&D2        
       
    Stiffness & Overall Measures ... Load Case 2      
       
Analyst Identifier Model Type 
Deflection 
Point 1 
Deflection Point 2 
(low plate) 
Deflection Point 2 
(up plate) 
Deflection 
Point 3 Contact Radius 
Static 
Failure? 
Fatigue 
Failure? Comments 
1 (General Industry) 2D Axi -4.7 -4.7 -4.9 -4.9 162.8 N Y a 
1 (General Industry) 2D Axi -4.2 - - -4.2 n/a N Y b 
1 (General Industry) 2D Axi-shell -4.7 - - -4.7 n/a N Y c 
5 (Ship & Marine) 2D Axi -1.8 -1.8 -1.9 -1.9 33.0 ? N d 
3 (Research) 2D Axi -1.4? ? ? -3.0? ? N N e 
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6 (Civil Engineering) 2D Axi -4.7 -4.7 -4.8 -4.8 ? N ? f 
4 (Software Vendor) 2D Axi -4.7 -4.7 -4.8 -4.8 332.5 - 333.75 N N g 
10 (Academic) 2D Axi -4.7 -4.7 -4.8 -4.8 35.7 N N i 
1 (General Industry) Shell -4.2 - - -5.8 Contact not modelled N Y j 
1 (General Industry) Shell -4.8 - - -4.8 Contact not modelled N Y k 
5 (Ship & Marine) Shell -10.8 - - -10.7 ? ? N l 
3 (Research) Shell -9.5 - - -11.7 ? N N m 
6 (Civil Engineering) Shell -4.8 - - -4.9 ? N ? n 
8 (Steel Constr) Shell -4.7 -4.7 -4.8 -4.8 n/a N N o 
4 (Software Vendor) Shell -4.8 - - -4.9 25 and 50 N N p 
2 (Academic) Shell -4.9 -4.9 -5.0 -5.0 46.15 N N q 
10 (Academic) Shell -4.9 - - -5.0 35.7 N N r 
11 (Press Vessels) Shell -4.7 - - -4.7 n/a N ? s 
       
       
       
          Comments :        
a Mechanica; 2_1; Fine Mesh; Contact no friction (no contact LC1 + small overlap on contact LC2); Plates only joined at welds;S1 & S2 stresses linearised; Convergence <7% on Energy Index and <1% on RMS Stress 
b Mechanica; 2_6; Fine Mesh; Reinforcing plate "integral"; Offset midsurface included; Weld Modelled;S1 & S2 stresses linearised; Convergence <7% on Energy Index and <2% on RMS Stress Index 
c Mechanica; 2_7; Fine Mesh of Axi-Shell elements; No offset; Weld neglected; Double thickness over reinforced region; Convergence <0.1% on Energy Index and <0.1% on RMS Stress Index 
d Ansys Plane82 parabolic elements with Targe169 and Conta172 contact; Friction modelled with coeff=0.2 (does it make a difference?)    
e Abaqus CAX8R; Fine mesh (incompatible on weld boundary/); Contact modelled (no friction?)     
 f 4-noded quadratic elements; Contact modelled (no friction?)      
g Cosmos/M 6-n triangles + gaps; Fine mesh; Contact modelled (no friction); Hot spot stresses calculated by extrapolation to toe using 0.4t, 0.9t and 1.4t; Static failure assessed using von MIses averaged over weld throat 
 i Marc; Fine Mesh; 4-noded elements; Contact modelled with no friction; (free rotation is considered in SS)     
   j Mechanica; 2_3; Fine Mesh; Contact not modelled; Plates only connected at welds; "Join band" thickness = weld leg length; Convergence <1% on Energy Index and RMS Stress Index  
k Mechanica; 2_5; Fine Mesh; Contact not modelled; Plates only joined at welds + solid "spot weld” 15mm dia at centre of plate; "Join band" thickness = weld leg length; Convergence <1% on Energy Index and RMS Stress 
   l Ansys Shell63 4-noded shells; Contact modeled with friction coeff=0.2; Weld modelled by coupling all dof     
m Abaqus S8R thick shells; Weld modelled as a "tie"; Contact modelled with friction coeff=0.2     
n 4-noded quadratic Mindlin shells (inc shear); Weld modelled as a band of shells joining plates (running along the sloping face of the weld?); Contact modelled using non-linear springs  
o NADwork 4-n thin/thick shells; Gap initial opening of 0.1 (no friction); Used IIW modelling guidelines; Plates joined with vertical shells + inclined elements for fillet; Linear extrapolation to toe for hot-spot using 0.4t and 1.0t 
p Cosmos/M 4-noded Mindlin Shell4T and gap elements; Contact modelled (no friction); Plates joined by vertical shell elements 25mm thick    
q Cosmos/M 4-noded Mindlin Shell4T and 2-noded gap elements; Contact modelled (no friction); Weld modelled by beam elements    
   r Marc; 4-noded thick shell elements; Contact modelled with no friction; Plates joined by vertical shell elements 15 mm thick (free rotation is considered in SS)   
s Ansys; 4-noded shells (Shell63); "Normal" mesh; Weld not represented; Plates assumed integral; Offset neglected; Assessed ASME VIII    
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FENET_E&D2        
        
Field Stress Measures ... Load Case 1      
        
Analyst Identifier Model Type 
Hoop Stress Pt 
1 
Hoop Stress Pt 2 
(low plate) 
Hoop Stress Pt 2 
(up plate) Hoop Stress Pt 3 
Radial Stress 
Pt 1 
Radial Stress Pt 2 
(low plate) 
Radial Stress Pt 2 
(up plate) Radial Stress Pt 3 
1 (General Industry) 2D Axi -16.8 3.3 -122.2 150 -16.8 3.3 -122.2 149.9 
1 (General Industry) 2D Axi -48.3 - - 55.6 -48.3 - - 55.6 
1 (General Industry) 2D Axi-shell -56.5 - - 56.5 -56.5 - - 56.5 
5 (Ship & Marine) 2D Axi -10.8 1.9 -123.6 142.5 -10.8 1.9 -124.0 142.9 
3 (Research) 2D Axi 65.4? ? ? -71.5? 65.4? ? ? -75.4? 
6 (Civil Engineering) 2D Axi -16.4 3.0 -113.5 139.6 -16.0 2.7 -105.7 132.9 
4 (Software Vendor) 2D Axi -16.9 3.4 -124.3 152.1 -16.9 3.4 -124.3 152.1 
10 (Academic) 2D Axi -17.1 3.8 -127.8 155.5 -17.1 3.8 -127.8 155.5 
1 (General Industry) Shell -17.8 4.7 -122.3 149 -17.8 4.7 -122.1 148.8 
1 (General Industry) Shell -17.8 4.7 -122.3 149 -17.8 4.7 -122.1 148.8 
5 (Ship & Marine) Shell -48.4 48.4 -165.1 165.2 -48.4 48.4 -165.1 165.1 
3 (Research) Shell 140.7? ? ? 13.7? 140.7? ? ? 12.1? 
6 (Civil Engineering) Shell -17.8 4.3 -130.0 150.6 -17.8 4.3 -130.0 150.6 
8 (Steel Construction) Shell -16.6 3.8 -121.3 148.1 -16.6 3.8 -121.3 148.1 
4 (Software Vendor) Shell -17.0 4.2 -115.0 141.1 -17.0 4.2 -115.0 141.1 
2 (Academic) Shell -17.3 3.9 -121.0 148.4 -17.3 3.9 -121.0 148.4 
10 (Academic) Shell -17.3 4.3 -120.7 147.4 -17.3 4.3 -120.7 147.4 
11 (Pressure Vessels) Shell -56.8 0 0 56.8 -56.8 0 0 56.8 
        
        
FENET_E&D2        
        
Field Stress Measures ... Load Case 2      
        
Analyst Identifier Model Type Hoop Stress Pt 1 
Hoop Stress Pt 2 
(low plate) 
Hoop Stress Pt 2 
(up plate) Hoop Stress Pt 3 Radial Stress Pt 1 
Radial Stress Pt 2 
(low plate) 
Radial Stress Pt 2 
(up plate) Radial Stress Pt 3 
1 (General Industry) 2D Axi 53.6 -40.2 85.1 -112.9 53.6 -40.2 85.1 -112.9 
1 (General Industry) 2D Axi 48.3 - - -55.6 48.3 - - -55.6 
1 (General Industry) 2D Axi-shell 56.5 - - -56.5 56.5 - - -56.5 
5 (Ship & Marine) 2D Axi 60.8 -52.1 47.8 -65.0 60.9 -52.4 48.0 -65.1 
3 (Research) 2D Axi -10.0? ? ? 135.6? -10.1? ? ? 135.6? 
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6 (Civil Engineering) 2D Axi 68.6 -69.5 51.1 -87.9 65.4 -57.3 53.5 -85.0 
4 (Software Vendor) 2D Axi 80.8 -66.8 60.1 -88.0 80.8 -66.8 60.1 -88.0 
10 (Academic) 2D Axi 82.5 -69.3 62.1 -89.9 82.5 -69.3 62.1 -89.9 
1 (General Industry) Shell 17.8 -4.7 122.3 -149 17.8 -4.7 122.1 -148.8 
1 (General Industry) Shell Disturbed by spot Disturbed by spot Disturbed by spot Disturbed by spot Disturbed by spot Disturbed by spot Disturbed by spot Disturbed by "spot"
5 (Ship & Marine) Shell 78.1 -78.0 133.9 -133.9 78.1 -78.1 133.9 -133.9 
3 (Research) Shell 46.6 ? ? -1.1? 46.6? ? ? -0.9? 
6 (Civil Engineering) Shell 79.0 -105.7 73.4 -117.3 79.0 -105.7 73.4 -117.3 
8 (Steel Construction) Shell 78.7 -66.0 59.1 -85.8 78.7 -66.0 59.1 -85.8 
4 (Software Vendor) Shell 76.1 -63.2 55.9 -82.0 76.1 -63.2 55.9 -82.0 
2 (Academic) Shell 79.2 -65.9 59.1 -86.4 79.2 -65.9 59.1 -86.4 
10 (Academic) Shell 78.8 -65.7 59.2 -85.9 78.8 -65.7 59.2 -85.9 
11 (Pressure Vessels) Shell 56.8 0 0 -56.8 56.8 0 0 -56.8 
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FENET_E&D2           
           
Local Stress Measures. Load Case 1           
           
Analyst Identifier Model Type Hoop @ S1 bot 
Hoop @ S1 mid 
(low plate) 
Hoop 
@ S1 
mid (up 
plate) 
Hoop @ 
S1 top Radial @ S1 bot 
Radial @ S1 
mid (low plate) 
Radial @ 
S1 mid 
(up plate) 
Radial @ 
S1 top 
Hoop @ 
S2 botm 
Hoop @ 
S2 top 
Radial @ 
S2 botm 
Radial @ 
S2 top 
1 (General Industry) 2D Axi -16.1 0.8 20.8 9.7 -16.3 2.2 48.8 -19.3 -30 29.9 -53.5 68.2 
1 (General Industry) 2D Axi -14.6 - - 20.6 -6.7 - - 13.6 -30.1 30.3 -53.4 68.2 
1 (General Industry) 2D Axi-shell -22.4 - - 22.4 -15.2 - - 15.2 -27.3 27.3 -61.2 61.2 
5 (Ship & Marine) 2D Axi -10.8 1.9 8.1 10.4 -10.8 1.9 37.1 -18.5 -13.1 12.8 -17.9 30.4 
3 (Research) 2D Axi ? ? ? ? ? ? ? ? ? ? ? ? 
6 (Civil Engineering) 2D Axi -18.0 ? ? 14.9 -20.7 ? ? -7.1 -25.2 23.6 -44.7 57.5 
4 (Software Vendor) 2D Axi -17.9 -12.4 -12.4 16.1 -20.5 29.8 29.8 -2.8 -26.1 35.5 -46.5 84.1 
10 (Academic) 2D Axi -18.2 13.6 13.6 16.1 -20.9 30.4 30.4 -3.6 -26.8 39.1 -46.5 90.3 
1 (General Industry) Shell -17.8(L) / -28.9(R) 4.7(L) / 23.9(R) 14.9 11.8 -17.8(L) / -54.9(R) 4.7(L) / 68.6(R) 44 -17.3 -28.9 24.4 -52 65.2 
1 (General Industry) Shell -17.8(L) / -28.9(R) 4.7(L) / 23.9(R) 14.9 11.8 -17.8(L) / -54.9(R) 4.7(L) / 68.6(R) 44 -17.3 -28.9 24.4 -52 65.2 
5 (Ship & Marine) Shell -48.4 48.4 -28.9 28.9 -0.4 -0.4 -48.4 48.4? -48.4 48.4 -48.4 48.4 
3 (Research) Shell ? ? ? ? ? ? ? ? ? ? ? ? 
6 (Civil Engineering) Shell -17.5 ? ? 11.6 -17.4 ? ? 18.0 -28.3 25.3 -47.8 63.7 
8 (Steel Constr) Shell -16.6 3.8 15.1 11.7 -16.6 3.8 43.6 -16.8 -27.2 22.5 -50.9 64.4 
4 (Software Vendor) Shell             
2 (Academic) Shell -17.0 3.7 14.5 13.2 -16.7 3.0 43.2 -15.0 -28.3 23.6 -51.6 65.2 
10 (Academic) Shell -22.6 13.5 15.0 11.6 -34.9 35.1 43.3 -16.6 -28.4 23.9 -51.2 64.3 
11 (Press Vessels) Shell -24.6 0 0 24.6 -37.2 0 0 37.2 ? ? ? ? 
          
          
          
FENET_E&D2          
          
Local Stress Measures. Load Case 2          
          
Analyst Identifier Model Type Hoop @ S1 bot 
Hoop @ S1 mid 
(low plate) 
Hoop @ 
S1 mid 
(up 
plate) 
Hoop @ 
S1 top Radial @ S1 bot 
Radial @ S1 
mid (low plate) 
Radial @ 
S1 mid 
(up plate) 
Radial @ 
S1 top 
Hoop @ S2 
botm 
Hoop @ 
S2 top 
Radial @ 
S2 botm 
Radial @ 
S2 top 
1 (General Industry) 2D Axi 8.3 12.9 -6.1 -17.7 -2.6 18.2 -27.5 0.1 30.3 -31.3 53.4 -68.2 
1 (General Industry) 2D Axi 14.6 - - -20.6 6.7 - - -13.6 30.1 -30.3 53.4 -68.2 
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1 (General Industry) 2D Axi-shell 22.4 - - -22.4 15.2 - - -15.2 27.3 -27.3 61.2 -61.2 
5 (Ship & Marine) 2D Axi 7.1 0.3 -5.1 -10.3 -3.7 11.1 -18.3 2.9 10.8 -12.1 13.7 -26.9 
3 (Research) 2D Axi ? ? ? ? ? ? ? ? ? ? ? ? 
6 (Civil Engineering) 2D Axi 14.0 ? ? -17.3 4.6? ? ? -2.5? 25.0 -25.0 43.7 -58.7 
4 (Software Vendor) 2D Axi 13.3 7.3 7.3 -16.3 3.6 5.7 5.7 0.4 26.3 -37.5 46.1 -87.2 
10 (Academic) 2D Axi 13.4 14.2 14.2 -16.4 3.7 17.0 17.0 -0.4 26.9 -41.0 46.0 -92.9 
1 (General Industry) Shell 17.8(L) / 28.9(R) -4.7(L) / -23.9(R) -14.9 -11.8 17.8(L) / 54.9(R) -4.7(L) / -68.6(R) -44.0 17.3 28.9 -24.4 52 -65.2 
1 (General Industry) Shell 11.8(L) / 27.8(R) 0.7(L) / -23.0(R) -9.1 -16.4 -1.0(L)/52.3(R) 13.5(L)/-65.4(R) -24.0 1.5 27.8 -23.5 49.2 -61.8 
5 (Ship & Marine) Shell 50.9 -50.9 24.9 -24.9 0.4 0.4 46.8? -46.8? 50.9 -50.9 46.9 -46.9 
3 (Research) Shell ? ? ? ? ? ? ? ? ? ? ? ? 
6 (Civil Engineering) Shell 14.1 ? ? -15.8 ? ? ? 2.9 28.2 28.2 48.3 -66.2 
8 (Steel Constr) Shell 13.7 -1.0 -12.3 -14.5 6.7 6.1 -33.8 7.0 27.2 -22.5 50.9 -64.4 
4 (Software Vendor) Shell 12.0 0.8 -9.0 -17.2 -0.7 13.5 -24.4 -1.7 27.8 -23.0 51.4 -64.5 
2 (Academic) Shell 12.2 1.1 -9.7 -17.9 -1.0 14.8 -25.3 -3.0 28.6 -24.0 52.0 -65.6 
10 (Academic) Shell 20.2 -11.1 -10.0 -16.6 26.1 -26.3 -25.8 -0.8 28.6 -24.1 51.1 -64.2 
11 (Press Vessels) Shell 24.6 0 0 -24.6 37.2 0 0 -37.2 ? ? ? ? 
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FENET_E&D3        
        
Stiffness, Field Stresses & Overall Measures      
        
Analyst Identifier Model Type X-deflection @ B Y-deflection @ B SigmaX @ A (bottom) SigmaX @ A (mid) SigmaX @ A (top) 
Static 
Failure? 
Fatigue 
Failure? Comments 
1 (General Industry) 2D Plane Stress 0.3 14.0 70.0 10.0 -50.0 N N a 
1 (General Industry) 2D Plane Stress 0.3 14.0 70.0 10.0 -50.0 N N b 
5 (Ship & Marine) 2D Plane Stress 0.3 13.9 70.0 10.0 -50.0 ? N c 
5 (Ship & Marine) 2D Plane Stress 0.3 13.9 70.0 10.0 -50.0 ? N d 
6 (Civil Engineering) 2D Plane Stress 0.31/0.17 13.9/7.1 69.9/41.6 ? -48.9/-20.6 Y ? e 
10 (Research) 2D Plane Strain 0.2 6.8 43.3 10.0 -23.4 N N f 
10 (Research) 2D Plane Strain 0.3 13.9 85.6 10.9 -65.5 N N g 
1 (General Industry) 3D Solid 0.31/0.17 13.9/7.2 70.0/41.4 10.0/10.0 -50.0/-21.4 N N h 
3 (Research) 3D Solid 0.4 7.5e-5? 90.0? ? -62.0 Y Y i 
2 (Academic) 3D Solid 0.2 13.8 23.4(92.6) 17.5(7.75) -31.4(-62.4) N Y j 
9 (Academic) 3D Solid 0.3 13.6 72.8 10 -52.8 ? ? k 
1 (General Industry) Shell 0.3 14.0 70.0 10.0 -50.0 N N l 
1 (General Industry) Shell 0.05 0.0 10.0 10.0 10.0 N N m 
1 (General Industry) Shell 0.05 0.0 10.0 10.0 10.0 N N n 
5 (Ship & Marine) Shell 0.0 0.0 10.0 10.0 10.0 ? N o 
5 (Ship & Marine) Shell 0.0 0.0 10.0 10.0 10.0 ? N p 
6 (Civil Engineering) Shell 0.32/0.17 14.1/7.2 70.0/41.4 ? -50.0/-21.4 Y ? q 
3 (Research) Shell 0.0 0.0 9.4 9.4 9.4 ? ? r 
2 (Academic) Shell 0.3 14.0 63.4(75.7) 10.0 -43.5(55.7) N Y s 
8 (Steel Construction) Shell 0.3 13.8 77.6 10.0 -57.6 N N t 
10 (Research) Shell 0.2 7.2 41.6 10.0 -21.6 N N u 
10 (Research) Shell 0.2 13.5 84.0 10.0 -64.1 N N v 
       
       
Comments :        
    a Mechanica; 3_1; Fine Mesh; Without contact; Plates only connected at welds;S2 stresses linearised; Convergence <1% on Energy Index and RMS Stress Index  
    b Mechanica; 3_2; Fine Mesh; With contact; S2 stresses linearised; Convergence <1% on Energy Index and RMS Stress Index   
    c Ansys Plane82; Overlapping plates modelled as one thick plate      
    d Ansys Plane82; Contact modelled at overlap.      
    e 4-noded quadratic; small displacement / large displacement; No contact; as one thick plate.     
    f Marc; Fine Mesh; 8-noded elements; Plates separate but no contact; Large dispt; The direction of the applied load (F) is fixed (in X direction)   
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    g Marc; Fine Mesh; 8-n elements; Plates separate but no contact; Large dispt; Direction load (F) is updated during calcn in such a way that it acts normally to transverse section in B (i.e. load is considered as pressure) 
    h Mechanica; 3_6; 3D Solid Coarse 1/2 sym; Plates integral; small dispt / large dispt; Stresses linearised@S2; Variation over width @S1&S2: free edge(sym plane); with weld; Convergence 0.5N/sq.mm on RMS Stress 
    i Abaqus C3D20R; with contact       
    j Cosmos/M quadratic solids; Fine mesh; Plates separate but no contact; Hot spot stresses calculated by quadratic extrapolation using 0.4t, 0.9t and 1.4t from weld toe; Variation over width: free edge(sym plane) 
    k In-house code; mixed formulation hexahedral HC8/9; weld modelled; converged results; small dispt    
    l Mechanica; 3_3; Fine Mesh; No contact; Stress variation over width @S1&S2: free edge(sym plane); no weld; plates joined using shells @ vertical leg of welds; Convergence <1% on Energy and RMS Stress Indices 
   m Mechanica; 3_4; Lap neglected entirely; Convergence <1% on Energy Index and RMS Stress Index    
    n Mechanica; 3_5; Offset neglected; Double thickness over lap region; Convergence <1% on Energy Index and RMS Stress Index   
    o Ansys Shell63 (no midside nodes); Overlapping plates modelled as one thick plate with no offset.    
    p Ansys Shell63 (no midside nodes); No contact between plates; dof coupling (all freedoms) for welds; Why no bending if offset?   
    q 4-noded quadratic Mindlin shells (inc shear); small displacement / large displacement; No contact?; Plates connected by vertical rows of shells?  
    r Abaqus S8R thick shells; weld modelled as a "tie"?; Results look as if no offset?; "due to tie, cutting planes S1 and S2 are the same"?   
    s Cosmos/M Shells4T + Beam3D; Coarse mesh; Plates separate but no contact; Welds as beams 0.7t rectangular section depth and width=plate width/number of beams; Variation over width: free edge(sym plane) 
    t NADWork 4-n thin/thick shells; Contact not modelled; Used IIW guidelines; Plates connected with vertical shells + inclined shells for fillet; Linear extrapn for hot-spots using 0.4t and 1.0t; Variation across width noted 
    u Marc; 4-noded thick shell elements; Plates separate but no contact; Welds modelled with vertical row of shells; Large dispt; The direction of the applied load (F) is fixed (in X direction) 
    v Marc; 4-n thick shell; Plates separate but no contact; Welds modelled with vertical shells; Large dispt; Dirn load (F) updated during calculation as in comment ‘g’ 
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FENET_E&D3       
       
Local Stress Measures      
       
Analyst Identifier Model Type SigmaX @ S1 (bottom) SigmaX @ S1 (mid) SigmaX @ S1 (top) SigmaX @ S2 (bottom) SigmaX @ S2 (top) 
1 (General Industry) 2D Plane Stress 0.2 -62 @ Tending infinite -9.1 71.3 -51.6 
1 (General Industry) 2D Plane Stress 0.2 -62 @ Tending infinite -9.1 71.3 -51.6 
5 (Ship & Marine) 2D Plane Stress 1.2 12.0 -11.7 71.0 -42.1 
5 (Ship & Marine) 2D Plane Stress 0.6 11.0 -12.7 71.1 -42.0 
6 (Civil Engineering) 2D Plane Stress 2.5/1.4 11.7/9.0? -10.7/-2.9 77.4/54.8 -43.4/-25.0 
10 (Research) 2D Plane Strain 1.2 -5.0 -1.5 68.9 -26.6 
10 (Research) 2D Plane Strain 0.2 11.3 -11.8 83.2 -44.5 
1 (General Industry) 3D Solid 1.2(1.0)/0.7(0.5) 12.8(13.3)/10.1(10.5) -12.7(-4.7)/-4.2(1.0) 66.7(48.4)/47.2(34.7) -50.0(-38.9)/-29.6(-22.2) 
3 (Research) 3D Solid 1.5? 9.4/12.8? -13.6? 82.0? -47.0? 
2 (Academic) 3D Solid 0.8(0.7) 6.5(3.3) -3.6(-10.2) 65.8(99.8) -38.2(-46.9) 
9 (Academic) 3D Solid 
 
2.7 
 
15.2 
 
-12.0 
 
56.7 
 
-43.5 
1 (General Industry) Shell 7.0(?) 10.9(?)/75.9(?) -56.2(?) 65.5(72.0) -49.1(-51.3) 
1 (General Industry) Shell 10.0 10.0 10.0 10.0 10.0 
1 (General Industry) Shell 9.9 9.9 9.9 9.9 9.9 
5 (Ship & Marine) Shell 4.9 4.9 4.9 10.0 10.0 
5 (Ship & Marine) Shell 4.9 4.9 4.9 9.5 9.5 
6 (Civil Engineering) Shell 7.9/4.0? 8.3/12.1(L)  8.1/7.9(NL) -8.6/-1.0? 70.0/48.6 -50.0/-28.6 
3 (Research) Shell 4.9 4.9 4.9 ? ? 
2 (Academic) Shell 3.5(-2.0) 14.8(13.4)/18.8(20.3) -13.2(-17.9) 61.8(72.5) -48.1(-51.8) 
8 (Steel Construction) Shell 9.8 8.8/8.5 -7.8 74.0 -52.7 
10 (Research) Shell 3.9 30.6/9.0 -15.2 50.3 -30.0 
10 (Research) Shell 6.7 10.3 -19.9 62.4 -41.9 
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Appendix 4 
 
Weld Throat Linearization Report 
For 
Benchmark E&D1 
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# 
# MECHANICA Linearized Stress Report File 
#    Product:  Pro/MECHANICA(R) STRUCTURE 23.3(311) 
#    Created:  07/29/04 at 19:58:52 
#    Machine:  i486_nt 
#    Graphics:  opengl/'window0' 
# 
#    Language:  (usascii) 
# 
# title = window1 - NAFEMS\FENET\Majorca\ed1_1_std - Analysis1 
# 
 
Point 1   X:  642.5          Y: 20            
Point 2   X:  665            Y: 27.5          
 
Component: Local YY 
 
Stress       Point 1        Midpoint        Point 2        Maximum 
--------------------------------------------------------------------- 
Membrane      0.9614181      0.9614181      0.9614181      0.9614181   
Bending        71.68569      0.4088537      -70.86798       71.68569   
Mem+Bend       72.64711       1.370272      -69.90656       72.64711   
Peak           346.4177      -11.32367       36.45075       346.4177   
Total          419.0648        -9.9534      -33.45582       419.0648   
 
Component: Local XY 
 
Stress       Point 1        Midpoint        Point 2        Maximum 
--------------------------------------------------------------------- 
Membrane        4.11411        4.11411        4.11411        4.11411   
Bending               0              0              0              0   
Mem+Bend        4.11411        4.11411        4.11411        4.11411   
Peak           226.9189      -21.42683       12.55841       226.9189   
Total           231.033      -17.31272       16.67252        231.033   
 
Component: ZZ 
 
 
Stress       Point 1        Midpoint        Point 2        Maximum 
--------------------------------------------------------------------- 
Membrane      0.6783156      0.6783156      0.6783156      0.6783156   
Bending        46.48086              0      -46.48086       46.48086   
Mem+Bend       47.15918      0.6783156      -45.80255       47.15918   
Peak           375.6162      -9.163675       18.14916       375.6162   
Total          422.7754      -8.485359      -27.65339       422.7754   
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